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Abstract: As the scale of electric vehicles continues to expand, the charging load of electric vehicles
into the network has become an issue that cannot be ignored. This paper introduces the concept and
development of ordered charging based on the current background of ordered charging research. The
application architecture of ordered charging is summarized, and the advantages and disadvantages
of centralized, distributed, and hierarchical control architectures are introduced. The current status
of research on orderly charging is analyzed at four levels: steps and methods of load modeling
for orderly charging, optimization objectives of orderly charging, optimization methods of orderly
charging, and practical projects of orderly charging. The methods of load modeling for orderly
charging are summarized, different optimization objectives of grid operation for orderly charging are
introduced, and the advantages and disadvantages of different optimization algorithms are compared
and analyzed. Practical projects on orderly charging illustrate the great potential of orderly charging.
This paper points out four problems of communication, data security, market mechanism, and the
number of charging stations that orderly charging is currently facing and proposes feasible solutions.
The development prospect of orderly charging being more environmentally friendly, energy-efficient,
intelligent, and safe is proposed.
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1. Introduction

With the increasing frequency of global environmental problems, people’s awareness
of environmental protection has been raised to an unprecedented level, and countries have
set their target years for achieving carbon neutrality. Vehicle emissions are an important
cause of urban air pollution [1], and according to statistics, emissions from transportation
in China totaled 950 million tons of CO2 in 2020 and are expected to reach more than
1 billion tons in 2030 if growth continues and no measures are taken to limit them. If the
growth continues and no measures are taken to limit it, it is expected to reach 1.2–1.7 billion
tons in 2030. To limit the emission of greenhouse gases and eliminate the dependence
on fossil energy, the development of electric vehicles has become a common choice of
countries. Electric vehicles use electricity as an energy source, which has almost zero
emission of greenhouse gases, and the running cost has obvious advantages compared
with traditional fuel vehicles. With the support of national policies and environmental
awareness, an increasing number of people choose to use electric vehicles. However, at
the same time, the impact of electric vehicles on the power grid is becoming more obvious.
If not guided, a large number of electric vehicles will have disorderly charging access to
the grid; due to the use of electric vehicles with high simultaneity, it is easy to form the
grid load “peak on peak” phenomenon [2]. This causes problems such as overloading of
grid lines, voltage drop, and increased network loss [3]. The authors in [4] describe in
detail the impact of large-scale electric vehicle charging on the security risk of the grid—the
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greater the uptake of electric vehicles, the greater the operational risk of the distribution
network. After considering the economic benefits, the risk to the grid is even more locally
magnified. The authors in [5] analyzed that although the charging load of electric vehicles
generally occurs at night, it can also bring new load peaks and put additional pressure on
the operation of the grid. However, there are two sides to the coin. As a mobile load and
with energy storage, electric vehicles, if properly guided and reasonably deployed grid
resources, can greatly help the economy and stability of grid operation. This requires the
coordination and optimization of charging strategies by charging stations to optimize the
grid loss of the power grid, the charging cost of users, and the consumption of new energy.
The authors in [6] introduced an orderly charging strategy with variable power regulation
aiming at minimizing the peak-to-valley load difference and charging cost, which can
effectively realize “peak shaving and valley filling” and reduce the charging cost of users.
The authors in [7] proposed tariff guidance through the power generation characteristic
curve of wind power to enable users to orderly charge according to the wind power, reduce
the impact of charging load on the grid, and maximize wind power consumption.

After years of research and development, the research goal of orderly charging has
changed from initially achieving “peak shaving and valley filling” for grid operation, to
now allowing the grid to operate in the most stable and least loss state, allowing users
to complete charging with the least cost and fastest time. To maximize the use of new
energy generation, reduce carbon emissions, and achieve the goal of carbon neutrality.
The research on orderly charging has matured and has been put into practice around
the world. However, currently, there is still a lack of a comprehensive and up-to-date
analysis of the research on orderly charging. Further summary and analysis are needed
for the implementation structure, research methods, practical cases, key issues, and future
development of orderly charging.

Based on the above background, this paper starts with the structure of the ordered
charging strategy. The latest EV load modeling methods are analyzed, and different
charging and discharging optimization strategies are investigated. The advantages of the
ordered charging strategy are summarized, and the current problems and possible solutions
are presented. Finally, the future development of ordered charging has been prospected.
This paper aims to provide a systematic overview and evaluation of the principles, methods,
and effects of orderly charging, to offer reference value for scholars and engineers who will
engage in related research on orderly charging in the future, and to provide research ideas
and suggestions for the development of orderly charging in the fields of electric vehicles
and power grids.

2. The Concept of Orderly Charging

Due to the increasing scale of electric vehicles, the impact of charging load on the grid
must be addressed when a large number of electric vehicles are connected to the grid for
charging. It can lead to grid overload, increase the difficulty of grid dispatch, reduce power
quality, and affect electrical equipment [8]. The quantitative assessment of the impact of
large-scale electric vehicles on the grid and the study of charging control strategies aimed at
reducing the negative impact have become increasingly popular issues, and Ref [9,10] have
proposed charging interaction strategies between the grid and electric vehicles, while the
concept of orderly charging has emerged. The authors in [11] propose a real-time power
balancing strategy for electric vehicle charging loads. The authors in [12] propose that
the orderly charging strategy uses practical and effective economic or technical measures
to guide and control electric vehicle charging to meet the charging demand for electric
vehicles; to reduce the variance of the load curve by “peak shaving and valley filling”; and
to reduce the construction of installed power generation capacity to ensure the coordinated
and interactive development of electric vehicles and the power grid. The authors in [13]
propose that electric vehicles be considered as a new controllable load that participates
in regulating grid operation for charging optimization. The authors in [14] developed
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a charging scheduling strategy for electric vehicles considering traffic information and
grid operation.

The OCPP protocol was developed by the OCA (Open Charge Alliance) in 2009, mark-
ing the establishment of the communication specification for V2G technology. With the
update and application of V2G technology, the OCPP protocol has now been updated to
version V2.0.1, which has a more standardized standard in terms of extended security and
intelligent charging. With V2G technology, the unilateral consumption of electricity by
electric vehicles is changed, and the two-way transmission of electricity between electric
vehicles and the grid is achieved [15]. Smart V2G technology can benefit users while reduc-
ing battery losses [16]. The development of the ISO15118 protocol further ensures charging
data security, realizes plug-and-charge and other functions, and provides convenience
for the application of V2G technology. The authors in [17] pointed out the development
potential of V2G technology. As long as users’ “mileage anxiety” and “minimum mileage”
are addressed, orderly charging can achieve high V2G participation. The authors in [18]
proposed that through V2G technology, electric vehicles can be considered adjustable loads
when charging. Peak load shifting is achieved through orderly charging management.
Electric vehicle batteries can also be used as energy storage devices as the backup capacity
for the distribution grid to optimize grid operation.

The development of today’s orderly charging technology has become increasingly
mature. By collecting the region’s load data and analyzing the grid operation, the base
load model of the grid is constructed. Then, based on the charging data of charging piles,
the charging load model of electric vehicles is built. The two load models are used for
day-ahead scheduling or real-time scheduling of power operations to prevent grid overload.
In addition, the charging load of electric vehicles is involved in grid regulation through
V2G technology by making appropriate task arrangements for charging orders from users
at the control center level of charging piles or by guiding users at the level of distributed
charging piles. Based on not causing grid overload, it controls the charging and discharging
of electric vehicles to the “peak-shaving and valley-filling” of the grid, reduces network
losses, and consumes new energy to benefit the grid. It enables users who choose not
to accept the charging arrangement to complete charging at the fastest possible speed,
depending on the needs of the different users. It also allows users who accept charging
arrangements to complete charging at the lowest cost and at the right time, benefiting the
user side. Appropriate charging deployment is made according to the profit demand and
operation cost of charging stations so that the power station side can obtain enough profit to
benefit the power station side. The optimization goal of an orderly charging strategy is the
most suitable arrangement of a charging plan in the face of different actual situations and
specific requirements. The sequential charging optimization is shown in Figure 1 below.
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3. Control Architecture for Orderly Charging

To better derive optimization solutions for different requirements, the researchers
designed three control architectures for the control level of the charging pile, the user side of
the pile, and the coordinated optimization of both aspects. They correspond to centralized
optimization, distributed optimization, and hierarchical optimization, respectively. The
three architectures have different characteristics, which will be introduced and compared
from different perspectives.

3.1. Centralized Control Structure

The centralized control structure is a control center that directly controls the charging
and discharging behavior of the charging piles. The control center collects the load data of
the area and builds a load model. Charging orders from users are processed centrally, and
charging tasks are scheduled according to different optimization objectives based on the
base load model. The authors in [19] proposed an orderly charging scheduling strategy
with centralized control to optimize the charging and discharging of electric vehicles by a
local search and particle swarm algorithm, which realizes the “peak shaving and valley
filling” of the grid and reduces the charging cost of users. The authors in [20] proposed an
orderly charging optimization method based on the fuzzy heuristic algorithm and designed
a public transportation operation system for centralized control of EV charging orders
in public parking lots. The method optimizes the resource deployment of the grid and
reduces the operating cost of charging piles. As seen from the above-referenced papers,
the centralized optimization approach can leverage the control center’s ability to integrate
data and centralize computational scheduling under different optimization objectives to
derive a scheduling strategy with global optimization benefits. It can achieve the optimal
solution for multiple objectives. However, the disadvantages are also apparent. On the
one hand, there is the problem of computational difficulty. As the scale of electric vehicle
charging increases, the difficulty and time for the control center to calculate the multi-
objective optimal solution increase exponentially. This is different from the requirements
for fast and convenient charging on the user side and has significant limitations for the
optimization strategy of real-time scheduling. On the other hand, the user needs to send
the charging request to the control center through the charging post or mobile app. Then,
the control center sends the charging task to the charging port. This process requires high
communication capability of the control system and can be slightly hindering to use in
places where the signal is unstable. As shown in Figure 2.
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3.2. Distributed Control Structure

The core of the distributed control structure is to guide customers to orderly charging
through time-of-use tariffs, allowing them to save on charging costs while relieving the
operational pressure on the grid. The operation information of charging stations and charg-
ing tariff data are displayed to users, who make charging decisions based on their needs
and the above information and send charging requests to charging stations, which arrange
to charge after verifying charging orders. There are two time-sharing tariff approaches:
day-ahead dispatch tariff guidance and real-time dynamic tariff guidance. The authors
in [21] proposed a distributed control strategy based on the day-ahead tariff model. The
day-ahead load curve and load forecasting model derives a time-of-day tariff model from
guiding customers. It improves the operator’s profit and reduces the users’ charging costs.
The authors in [22] proposed an orderly charging strategy based on deep learning and
real-time tariff guidance. The scheduling structure is constructed using real-time electricity
prices, and electric vehicle charging and discharging behaviors are optimized by deep
learning to create a win-win situation for the grid and electric vehicle users. As seen from
the above references, the distributed control structure uses the time-of-use tariff to guide
and optimize the charging periods of the users. The advantages are (1) greater charging
selectivity for users; (2) less computational difficulty for the control center, which can
process users’ subscriptions faster; and (3) less communication pressure on the system.
The disadvantage is that it depends more on the user’s responsiveness to the time-of-use
tariff. If the user’s response is low, the goal of orderly charging cannot be achieved. In
addition, the regulating role of distributed optimization is relatively singular and cannot
achieve the purpose of multi-objective optimization through the guidance of a time-sharing
tariff. It cannot achieve the same effect as centralized optimization regarding new energy
consumption and network loss reduction. As shown in Figure 3.
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3.3. Hierarchical Control Structure

The hierarchical control structure combines the features of centralized and distributed
control. The time-of-use tariff of distributed control guides users’ charging choices and
combines users’ charging requests and optimization goals at the control center. The most
suitable EV charging order arrangement is derived from reaching the optimization goal
and benefiting multiple parties. The authors in [23] proposed a two-tier optimization
model based on the real-time load of the grid. The real-time electricity price model is
constructed based on the regional load. The lower layer model is aimed at optimizing the
EV charging load, and the upper layer is aimed at optimizing the charging price in real
time. The results of the two-tier optimization are combined to optimize the multi-objective
ordered charging strategy. The objective of “peak shaving and valley filling”, reducing
user charging costs and promoting new energy consumption, is achieved. The authors



Electronics 2023, 12, 2041 6 of 27

in [24] proposed an overall architecture of the master station and energy controller in
hierarchical cooperative control. The first level of optimization is to control the charging
cost of users, and the second level is to reduce the fluctuation of the grid load. The charging
cost of users is reduced, and the operation of the grid is optimized. As seen from the
above references, the hierarchical control structure combines the user-side guidance of
distributed control with the control center optimization of centralized control. It reduces
the computational pressure on the control center and the transmission pressure on the
communication lines while achieving global multi-objective optimization and avoiding
the extreme case of low user responsiveness. It combines the advantages of both control
structures and compensates for the disadvantages of each. As shown in Figure 4.

Electronics 2023, 12, x FOR PEER REVIEW 6 of 27 
 

 

charging costs and promoting new energy consumption, is achieved. The authors in [24] 
proposed an overall architecture of the master station and energy controller in hierarchical 
cooperative control. The first level of optimization is to control the charging cost of users, 
and the second level is to reduce the fluctuation of the grid load. The charging cost of users 
is reduced, and the operation of the grid is optimized. As seen from the above references, 
the hierarchical control structure combines the user-side guidance of distributed control 
with the control center optimization of centralized control. It reduces the computational 
pressure on the control center and the transmission pressure on the communication lines 
while achieving global multi-objective optimization and avoiding the extreme case of low 
user responsiveness. It combines the advantages of both control structures and compen-
sates for the disadvantages of each. As shown in Figure 4. 

Control 
Center

Grid 
operation

Aggregator 

 
Figure 4. Hierarchical control architecture. 

3.4. Application Analysis 
The characteristics of the three orderly charging control structures are suitable for 

application environments in different scenarios. The centralized control structure requires 
the majority of users to respond to orderly charging and sufficient scheduling time, but it 
achieves better optimization results with a relatively small investment. This approach is 
more suitable for small-scale charging stations, such as a collection of charging posts in 
residential communities, and can make full use of users’ parking time at night for orderly 
charging scheduling. The distributed control structure relies on the responsiveness of us-
ers and can provide them with freer charging options. This model is more suitable for 
small and medium-sized commercial charging stations, such as those in office buildings, 
and can guide users to participate in orderly charging through the economic benefits of 
time-of-use tariffs, which take advantage of users’ working hours for optimal scheduling 
of orderly charging. The hierarchical control structure is the most optimized of the three 
approaches, but it is also the most expensive. This approach is more suitable for charging 
stations in large-scale and high-traffic areas, such as optical storage charging stations in 
commercial centers. Through the optimal scheduling of orderly charging, we can strive 
for economic benefits for users during their parking hours, and we can fully consume PV 
power and make full use of energy storage equipment to assist in peak shaving and valley 
filling. The analysis of the three structures is shown in Table 1. 

Figure 4. Hierarchical control architecture.

3.4. Application Analysis

The characteristics of the three orderly charging control structures are suitable for
application environments in different scenarios. The centralized control structure requires
the majority of users to respond to orderly charging and sufficient scheduling time, but
it achieves better optimization results with a relatively small investment. This approach
is more suitable for small-scale charging stations, such as a collection of charging posts in
residential communities, and can make full use of users’ parking time at night for orderly
charging scheduling. The distributed control structure relies on the responsiveness of users
and can provide them with freer charging options. This model is more suitable for small
and medium-sized commercial charging stations, such as those in office buildings, and can
guide users to participate in orderly charging through the economic benefits of time-of-use
tariffs, which take advantage of users’ working hours for optimal scheduling of orderly
charging. The hierarchical control structure is the most optimized of the three approaches,
but it is also the most expensive. This approach is more suitable for charging stations in
large-scale and high-traffic areas, such as optical storage charging stations in commercial
centers. Through the optimal scheduling of orderly charging, we can strive for economic
benefits for users during their parking hours, and we can fully consume PV power and
make full use of energy storage equipment to assist in peak shaving and valley filling. The
analysis of the three structures is shown in Table 1.
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Table 1. Comparison of three control structures.

Control Structure Advantages Disadvantages Applicable
Scenarios

Centralized control
structure [19,20]

Can find the global
optimal solution,

good optimization
effect,

small investment

Need for adequate
scheduling frequency

and user
responsiveness

Small-scale charging
stations or a collection
of charging stations in

residential areas

Distributed control
structure [21,22]

Provide users with
more free charging
options for a wider
range of scenarios

Poor optimization
when customer

responsiveness is low,
more dependent on

time-of-use
tariff strategy

Small and
medium-sized

charging stations,
such as commercial
charging stations in

office buildings

Hierarchical control
structure [23,24]

The best optimization
effect can achieve

multi-objective
optimization, to

achieve the goal of
multi-benefit

Large investment,
difficult operation, and
higher requirements for
optimization strategies

Large-scale charging
stations, such as
optical storage

charging stations in
commercial centers

4. Orderly Charging Strategy for Electric Vehicles

The strategy for the orderly charging of electric vehicles consists of three parts. The
first is modeling, which requires a base load model based on the local base load and a
charging load model based on the charging load of EVs. Then, the optimization objectives of
orderly charging need to be determined. According to the actual demand, the optimization
is carried out with minimum charging cost, the minimum peak-to-valley difference of the
power grid, or maximum new energy consumption. Finally, the optimization method is
determined. Different load models and optimization objectives are suitable for different
optimization methods. Genetic algorithms, particle swarm algorithms, or other intelligent
algorithms must be determined according to the actual demand or several experiments.

4.1. Electric Vehicle Charging Load

The charging load must first be modeled to analyze the impact of electric vehicle
charging on the grid. Three main factors determine the charging load model: 1. The type of
electric vehicle. Electric vehicles consume different amounts of electricity per 100 km and
have different travel patterns and ranges. 2. Number of electric vehicles. The number of
electric vehicles determines the size of the charging load and the amount of space available
for grid dispatch. 3. The charging method of electric vehicles. Electric vehicles have three
main charging methods: fast, slow, and battery swapping. The power required for different
charging methods, charging time, and impact on the grid are all different.

After determining the above three points, it is also necessary to analyze realistic
car travel data to derive data such as the probability density function of electric vehi-
cle travel miles and the density function of electric vehicle’s access moment to the grid.
The load prediction model is then developed using the Monte Carlo method or travel
chain spatiotemporal analysis. It simulates the charging power curve and spatiotemporal
distribution of electric vehicles.

The Monte Carlo simulation method is the most commonly used method in the
study of ordered charging, which constructs a probabilistic process of car trips based on
the data of car trips by statistical simulation and then samples from the probabilities to
obtain a load model for simulation prediction. The data model for the 2018 release of the
National Household Vehicle Survey results (NHTS2017), which is currently being used
more frequently, is the Monte Carlo method for load prediction. Some of the data from the
NHTS2017 model are shown in Figure 5. This model is cited in references [25,26]. Some
studies have combined Markov chain and Monte Carlo methods to solve the problem of
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Monte Carlo simulation that requires many samples to construct a probabilistic model.
Samples that conform to a stable probability distribution are obtained so that the EV
charging load prediction for the current day is only related to the charging load of the
previous day. The authors in [27] utilized a Markov chain approach to develop a load
model for the ordered charging of electric vehicles.

Electronics 2023, 12, x FOR PEER REVIEW 8 of 27 
 

 

spatiotemporal analysis. It simulates the charging power curve and spatiotemporal 

distribution of electric vehicles. 

The Monte Carlo simulation method is the most commonly used method in the study 

of ordered charging, which constructs a probabilistic process of car trips based on the data 

of car trips by statistical simulation and then samples from the probabilities to obtain a 

load model for simulation prediction. The data model for the 2018 release of the National 

Household Vehicle Survey results (NHTS2017), which is currently being used more 

frequently, is the Monte Carlo method for load prediction. Some of the data from the 

NHTS2017 model are shown in Figure 5. This model is cited in references [25,26]. Some 

studies have combined Markov chain and Monte Carlo methods to solve the problem of 

Monte Carlo simulation that requires many samples to construct a probabilistic model. 

Samples that conform to a stable probability distribution are obtained so that the EV 

charging load prediction for the current day is only related to the charging load of the 

previous day. The authors in [27] utilized a Markov chain approach to develop a load 

model for the ordered charging of electric vehicles. 

Probability density distribution of daily miles driven 

𝑓(𝑥𝑠) =
1

𝑥𝑠𝜎𝑠√2𝜋
exp[−

(𝑙𝑛𝑥𝑠 − 𝑢𝑠)
2

2𝜎𝑠
2

]  

where 𝑥𝑠 represents the daily mileage of the car and 𝑢𝑠 represents the expected value. 

Some scholars have also chosen the trip chain spatiotemporal distribution method 

for load forecasting. In contrast to the Monte Carlo method, this method introduces the 

user’s travel purpose as an influencing factor. It combines both temporal and spatial 

distributions for load forecasting of electric vehicles. The authors in [28] collected real 

driving data of 1000 electric vehicles in Zhengzhou, China, for analysis. The charging load 

model of electric vehicles is derived based on the data of the number distribution of 

electric vehicles, the parking time distribution, and the state distribution of the vehicle 

SOC. Then, the orderly charging strategy is optimized by a genetic algorithm to best fit 

the local load situation, which improves the stability and economy of grid operation. The 

authors in [29] collected EV data from a North American campus network and a portion 

of the London metropolitan area to describe a charging model for EVs. The road 

congestion and the spatiotemporal distribution of EVs were considered, and the charging 

capacity of charging stations was significantly increased by predicting the load of EVs and 

controlling the charging behavior of users. It also improves user satisfaction and enables 

charging stations to increase their profits. The above studies indicate that although most 

studies have used the NHTS2017 data model, researchers in different countries have 

started collecting automobile occurrence data in their own countries or regions. Future 

orderly charging research will definitely be based on local data, and the research goals 

will be refined applications that are most suitable for the local context. 

 

Figure 5. NHTS2017 car user trips. Figure 5. NHTS2017 car user trips.

Probability density distribution of daily miles driven

f (xs) =
1

xsσs
√

2π
exp

[
− (lnxs − us)

2

2σ2
s

]

where xs represents the daily mileage of the car and us represents the expected value.
Some scholars have also chosen the trip chain spatiotemporal distribution method for

load forecasting. In contrast to the Monte Carlo method, this method introduces the user’s
travel purpose as an influencing factor. It combines both temporal and spatial distributions
for load forecasting of electric vehicles. The authors in [28] collected real driving data of
1000 electric vehicles in Zhengzhou, China, for analysis. The charging load model of electric
vehicles is derived based on the data of the number distribution of electric vehicles, the
parking time distribution, and the state distribution of the vehicle SOC. Then, the orderly
charging strategy is optimized by a genetic algorithm to best fit the local load situation,
which improves the stability and economy of grid operation. The authors in [29] collected
EV data from a North American campus network and a portion of the London metropolitan
area to describe a charging model for EVs. The road congestion and the spatiotemporal
distribution of EVs were considered, and the charging capacity of charging stations was
significantly increased by predicting the load of EVs and controlling the charging behavior
of users. It also improves user satisfaction and enables charging stations to increase their
profits. The above studies indicate that although most studies have used the NHTS2017
data model, researchers in different countries have started collecting automobile occurrence
data in their own countries or regions. Future orderly charging research will definitely
be based on local data, and the research goals will be refined applications that are most
suitable for the local context.

4.2. Optimization Goals for Orderly Charging

The optimization goal of orderly charging is the core of developing an orderly charging
strategy. From the most straightforward charging operation, the charging process for the
user is that the grid provides the energy, the charging station provides the tools, and the user
consumes to complete the charging process. In this process, all three parties have different
demands, which promote the development of orderly charging. From the grid perspective,
the purpose of orderly charging is to improve the operation of the grid, improve power
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quality, and consume more new energy [30]. From the charging station’s perspective, the
purpose of orderly charging is to obtain the maximum profit with the lowest operating
cost. From the user’s perspective, orderly charging aims to achieve the desired charging
goal with the lowest charging cost and the shortest time. The above charging objectives
can be roughly divided into three categories: grid operation, economic efficiency, and
environmental issues. The optimization objectives are shown in Figure 6 below.
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4.2.1. Optimization Objectives for Grid Operation

With the development of EV charging technology, the impact of EV charging load on
the grid is becoming increasingly prominent, especially with the gradual maturity of V2G
technology. An increasing number of EV loads are involved in the regulation process of the
grid. Guiding the charging load to play a positive role in the operation of the grid is the
optimization goal of orderly charging in the direction of grid operation [31]. Currently, the
following optimization objectives are mainly used in optimizing grid operation: prevention
of overload, reduction in load peak–valley difference, reduction in network losses, and
frequency adjustment.

(1) Prevention of overload

Preventing grid overload is the initial optimization objective of orderly charging and a
necessary constraint for almost all orderly charging strategies. The large number of electric
vehicle load accesses during peak periods can lead to grid overload, which can cause
interference and damage to the grid’s electrical equipment and affect or even interrupt the
normal electricity consumption of other users in the area [32]. To prevent grid overload
phenomena, differently ordered charging strategies incorporate power constraints or have
load peak minimization as the optimization objective.

Minimum load objective function:

f = min
(
maxP′L(t)

)
where P′L(t) represents the total load of the distribution network at time t after superimpos-
ing the EV charging load.

The authors in [33] performed orderly charging optimization with the goal of safe
operation of the distribution network. Evaluating the impact of each indicator of electric
vehicle entry on the distribution network, the distribution transformer capacity allocation
model was used as the optimization target constraint to reduce the load fluctuation of
the distribution network, resulting in a 3.7% reduction in the maximum load factor in
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the commercial area and keeping the voltage excursion within the allowable range. The
method effectively reduces unnecessary investment while maintaining the security of
the distribution network. The authors in [34] constructed a multi-objective coordinated
optimization control model with a minimum peak load and peak-to-valley load gap as
the optimization objectives. Optimizing the orderly charging of electric vehicles with the
minimum peak load is guaranteed. This reduced the charging cost for users, decreased
the peak load by 6.7%, promoted the consumption of distributed energy, and ensured the
safety of the power grid. The above literature indicates that orderly charging can effectively
reduce the peak load of the power grid, prevent overloading, and has significant benefits
for the safe operation of the power grid.

(2) Peak-to-valley load gap

To minimize the impact of EVs on the grid operation and optimize the grid operation
by making full use of the charging load. Many studies on orderly charging have taken
the optimization objective of minimizing the peak-to-valley load difference to reduce the
charging power of EVs during peak electricity consumption periods. The charging of
electric vehicles is arranged during the low period of electricity consumption to achieve the
purpose of “peak shaving and valley filling” of the grid operation. Achieving “peak shaving
and valley filling” of the power grid can smooth the load curve, reduce the electricity
demand, reduce the cost of generating units, and stabilize the power grid operation for
energy savings [35].

Minimum load peak–valley difference objective function:

f = min
(

maxP′L(t)−minP′L(t)
maxP′L(t)

)
where P′L(t) represents the total load of the distribution network at time t after superim-
posing the EV charging load, and maxP′L(t) and minP′L(t) represent the maximum and
minimum values of the total load of the distribution network, respectively.

The authors in [36] used a time-of-use tariff as a means to rationalize the charging
load of electric vehicles by a genetic algorithm with the load peak–valley difference as the
optimization objective. The load fluctuation was reduced, which decreased the peak-to-
valley difference of the load by 20% and improved the stability and economic efficiency
of the power grid. The authors in [37], from the perspective of the power grid, fully
considered the stable operation requirements of the distribution network and carried out
large-scale EV centralized charging optimization with the objectives of “peak shaving and
valley filling” and charging economy. This realizes the stable operation of the distribution
network, reduces the peak-to-valley difference of the regional distribution network by
5%, avoids the risk of supply–demand imbalance caused by electric vehicle charging load,
reduces the risk of line congestion, and lowers the charging cost. The regulation effect of
the load peak–valley difference by ordered charging depends on the time-of-use electricity
price strategy and user behavior characteristics. If the electricity price strategy is not
specifically tailored to the local user behavior characteristics, the optimization effect of
ordered charging will be poor or even counterproductive.

(3) Grid loss

As the load of electric vehicles connected to the grid increases, the current in the grid
changes; if left uncontrolled, the losses in the transmission lines, transformers, and other
grid components will increase to the point of affecting the normal operation of the grid [38].
To reduce grid losses, some studies [39] proposed using electric vehicles to compensate for
reactive power to reduce network losses. However, the method has difficulty considering
the complex grid topology when large-scale electric vehicles are on the network. It has
also been shown [40] that the flatter the load curve is, the smaller the network losses. The
optimization of orderly charging takes the regulation of the load curve or nodal reactive
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power compensation as the optimization goal to reduce the network losses and ensure the
stable operation of the grid.

Grid loss minimum objective function:

f = min
T

∑
t=1

smax

∑
s=1

Rs I2
t,st

where Rs represents the resistance of line s, I2
t,s represents the current phase of line s for

time period t, and smax represents the number of lines.
The authors in [41] established a real-time tariff model for guiding users’ decisions with

the objectives of network losses, load peak–valley differences, and new energy consumption.
Additionally, as the number of electric vehicles participating in orderly charging increases,
the network losses of the system decrease significantly, and in simulation experiments, the
network losses can be reduced by up to 14%. The authors in [42] established an orderly
charging strategy based on V2G technology to realize bidirectional active and reactive
power flow between EVs and the grid, analyzed the interests of users and the grid, and
controlled the charger for reactive power compensation as a means. This benefits both
users, and the grid reduces the cost of charging for users, and significantly reduces the
network loss rate. The authors in [43] defined the ordered charging problem as minimizing
the charging price and the load peak-to-valley difference. Additionally, to reduce the
impact of the EV charging load on the distribution network, EVs were modeled as reactive
power compensation devices. The purpose of controlling the node voltage within the
allowed range and reducing the charging cost for users is achieved. With the maturity
of V2G technology, the efficiency of reducing network losses through electric vehicles as
reactive power compensation devices is constantly improving. Electric vehicles, as flexible
load devices, will have an increasingly expanding impact on the power grid under the
optimization of the orderly charging strategy.

(4) Frequency adjustment

In the process of grid operation, the frequency of the AC grid is one of the important
signs of power quality. It is also the core parameter used to control the operation of the
power system in grid dispatch [44]. The grid’s frequency can maintain the rated frequency
only when the power generation of the power plant and the power consumption of the user
side are kept in real-time balance. When the amount of either side is too large, resulting in
the balance being broken, the grid frequency will shift the rated power. Not being adjusted
in time will damage the equipment on the grid, causing normal operation of the power
generation equipment off the grid or even leading to serious consequences such as grid
unlisting. To prevent the occurrence of frequency shift conditions, the orderly charging
strategy combined with the participation of V2G technology in frequency regulation can
play a significant role in grid regulation.

The objective function of frequency adjustment:

PAG
t = K×

 max
(

St,−Cup
t , ∆ f ≤ 0

)
min

(
St, Cdown

t , ∆ f > 0
)

where St represents the area control error or area regulation requirement signal for time t,
PAG

t represents the dispatch regulation task undertaken through a single EV aggregator,
K is a ratio that determines the dispatch proportion based on which the EV aggregator
undertakes frequency regulation, taking values between 0 and 1, and Cup

t and Cdown
t

represent the total capacity of the regulation rise and fall, respectively, uploaded by the EV
aggregator to the control center.

The authors in [45], starting from the grid side, fully considered the grid frequency
deviation and EV charging power deviation, and used a self-learning particle swarm
algorithm with the minimum frequency deviation and charging power deviation as the



Electronics 2023, 12, 2041 12 of 27

optimization objectives. The minimized frequency shift was achieved by allowing charging
to be suspended or reduced during charging. It provides the optimal charging solution
for electric vehicle users while meeting the grid operation requirements. The authors
in [46] proposed a V2G control strategy based on reinforcement learning. Based on user
requirements and the benefits of charging stations, deep learning was used to dynamically
adjust V2G power scheduling to meet the needs of charging users and perform frequency
adjustment tasks simultaneously. The power grid reduced the frequency deviation by
22.07% and improved the operational environment. The above literature shows that electric
vehicles still have great potential in regulating the frequency of the power grid. V2G
technology can allow electric vehicles to participate in frequency regulation while meeting
the driving needs of users. Moreover, as more electric vehicles participate in the regulation,
the frequency of the power grid becomes more stable.

4.2.2. Economic Benefits

In the charging process of electric vehicles, the grid, charging stations, and users all
have their economic benefits to consider. In the case of disorderly charging, not only is it
difficult to control the charging cost of users, but charging stations are also unable to gain
maximum profit by adjusting the charging time. The grid side also faces the problem of
the safe operation of the grid. Therefore, coordinating the economic benefits of all parties
through an orderly charging strategy and V2G technology is one of the vital optimization
goals. The grid side can reduce the operating cost of the grid by time-sharing tariffs,
reducing the number of engine starts and stops, and introducing new energy generation.
The authors in [47] solved the time-sharing tariff model by a nondominated ranking genetic
algorithm. The subregional and time-of-day pricing strategy enables the grid side to obtain
the maximum charging profit. However, the grid is more concerned with using load
regulation of electric vehicles in orderly charging to make the grid operate stably. The
economics of orderly charging research focuses on reducing charging costs for users and
maximizing profits for charging stations.

(1) Economic benefits of charging stations

The charging station needs to consider the time-of-day tariff given by the grid side,
the operating cost of the charging station, and the revenue obtained from the order of user
charging. The charging station sets the time-of-day tariff for the charging station based
on the grid’s time-of-day tariff and the customer charging load forecast. It is used for
day-ahead scheduling or real-time time-of-use tariff scheduling. The operating cost will be
reduced while the charging profit of the charging station will be increased.

Charging station operating cost minimum objective function:

f = min(C pur + Cope + Cpun

)
where Cpur represents the total cost of electricity purchased by the charging station unit,
Cope represents the total unit operation and maintenance cost, and Cpun A represents the
cost of PV and wind turbine abandonment and abandonment penalties.

The authors in [48] proposed an interaction strategy based on time-of-use tariffs to
guide charging stations and electric vehicle users. Taking into account the operating costs
of charging stations and users’ willingness to charge at different electricity prices, the
orderly charging strategy reduced the peak-to-valley load difference by 32.52%, decreased
the operating cost of charging stations by 9.93%, significantly lowered the charging cost for
users, and helped charging stations maximize their profits. The authors in [49] established
an optimal power regulation calculation model and designed the driving demand judg-
ment module to ensure users’ travel demand. The method seeks the maximum profit of
the aggregator as the goal in the aggregator’s participation in grid frequency regulation.
Charging station profit is an important factor that drives charging station operators to
participate in orderly charging. In the optimization of orderly charging, the response rate
of users, the time-of-use electricity price strategy of the grid, and the orderly charging
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scheduling strategy of the charging station are the key links for optimization and schedul-
ing. The scheduling strategy of the charging station has the greatest impact. Therefore, in
the optimization of orderly charging, whether to reduce the operating costs of the charging
station or to increase the service fee income of the charging station, ensuring the interests
of the charging station is a prerequisite for the smooth implementation of orderly charging.

(2) User economic benefits

The economic benefit to the user is one of the most intuitive indicators of a user’s
willingness to participate in an orderly charging strategy. Usually, users have two indicators
when seeking EV charging: satisfying driving demand and minimum charging cost. The
lower the charging cost, the higher the user’s willingness to participate in an orderly
charging strategy, and the more beneficial to the grid’s scheduling operation.

User charging cost minimization objective function:

f = min
Nev

∑
k=1

T

∑
t=1

Xt,k

where Nev represents the total number of EVs to be charged and Xt,k represents the electric-
ity bill to be paid by the kth EV in time period t.

After charging model prediction with Monte Carlo, sampling fuzzy cluster analysis is
used to classify the load. An adaptive genetic algorithm is used to optimize the charging
scheme to obtain an ordered charging method with optimal time-sharing pricing demand
response in [50]. Reduced customer charging costs by 11% and reduced grid operational
risk. The authors in [51] proposed the willingness index to quantify users’ willingness to
participate in orderly charging. A genetic algorithm was used to minimize charging costs,
and the real-time dynamic electricity price guided users to participate in orderly charging.
We analyzed the relationship between the different charging intentions of users and the
fees for orderly charging, resulting in a 12% reduction in users’ charging costs. The results
show that both charging and grid purchasing costs influence users’ willingness index.
In addition to the power target, the charging cost is the most concerning issue for users,
and the reduction in charging cost is an important advantage of electric vehicles over fuel
vehicles. The above-literature shows that as long as there is a suitable pricing strategy for
ordered charging, the more users participate in ordered charging, the lower their charging
costs will be. As the charging cost for users decreases, more users will participate in ordered
charging until the maximum value of the full user response is reached.

4.2.3. Environmental Objectives

The key for electric vehicles to replace traditional fuel vehicles is that they can reduce
the emission of air pollution gases. To solve the problem of carbon emissions, various coun-
tries have introduced policies to support the development of electric vehicles. However,
the use of electric vehicles does not mean that there is no pollution. Research [52] shows
that if all the electricity of electric vehicles is derived from coal-fired power plants, then
the emission of polluting gases by coal-fired power plants would not be much less than
the exhaust emissions of fuel cars. Therefore, future electric vehicle power sources will
join wind, light, nuclear energy, and other new energy generation sources. However, wind
power and photovoltaic power generation are not stable, so how a load of electric vehicles
is regulated so that the charging strategy can maximize the consumption of new energy is
the environmental goal of orderly charging.

New energy consumption objective function:

f1 = min
NDG

∑
d=1

(
Pmax

DGd
− PDGd

)
(d ∈ N)
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where NDG represents the number of DG, d represents the serial number of DG, Pmax
DGd

represents the maximum output of the dth DG run, and PDGd represents the actual grid-
connected active power of the dth DG.

The authors in [53] proposed a centralized management strategy to orderly dispatch
electric vehicles at charging stations. To promote the grid-connected consumption of wind
power and photovoltaic power, a multi-objective optimization model with minimum grid
load variance, minimum abandoned scenery solar power, and maximum benefit of charging
stations is established. The orderly charging strategy is obtained by solving with the genetic
algorithm. It achieves “peak shaving and valley filling” of the grid, promotes new energy
consumption, and reduces the cost of power stations and customers. The authors in [54]
proposed an extended coordinated scheduling algorithm that resides in power prediction.
The learning and generalization ability of the generalized regression neural network is used
to learn uncertainty information from historical data by fully considering the consumption
and uncertainty of renewable energy. A combination of the genetic algorithm and the
Stackelberg game algorithm is used to develop an orderly charging strategy for electric
vehicles. It promotes the local consumption of renewable energy in the microgrid and
accurate new energy generation and load forecasting of the grid. Compared to traditional
power plants, the advantages of distributed new energy generation lie in lower generation
costs and significant environmental benefits. However, due to the fluctuation of new energy
generation and issues with electrical energy quality, if not properly planned, a large amount
of wasted resources, such as unused solar and wind energy, can occur. The above literature
shows that orderly charging planning can solve the problem of new energy consumption
to the greatest extent possible, allowing investors to obtain sufficient returns, reducing the
pressure on the power grid, and making new energy charging stations an important driver
of national energy transformation.

4.2.4. Multi-Objective Optimization

Some of the above optimization goals are contradictory, but more can be complemen-
tary. Coordinating the demands of different parties and developing a charging strategy that
satisfies all parties is the ultimate goal of orderly charging optimization. The future orderly
charging strategy will develop toward multi-objective optimization. The weights of critical
parameters with complementary optimization objectives are enlarged, and the parameters
with conflicting optimization objectives are analyzed according to the actual situation to
obtain optimal strategies acceptable to multiple parties. For example, the two objectives of
minimizing the peak-to-valley load difference and saving user charging costs are separate.
The user charging cost can be reduced while pursuing the minimum peak-to-valley load
difference. The weights of critical parameters with complementary optimization objectives
are enlarged, and the parameters with conflicting optimization objectives are analyzed
according to the actual situation to obtain optimal strategies acceptable to multiple parties.
For example, the two objectives of minimizing the peak-to-valley load difference and
saving user charging costs do not conflict. The user charging cost can be reduced while
pursuing the minimum peak-to-valley load difference. The authors in [55] constructed
a computational model for orderly charging optimization with economic incentives and
technical control to measure the coordinated effect of orderly charging and discharging of
electric vehicles on carbon emissions and grid security economics. The results show that
this optimization method can significantly reduce carbon emissions, save project invest-
ment costs, and reduce coal material consumption. The authors in [56] fully considered
the maximization of the interests of the grid, charging stations, and users and carried out
multi-objective optimization from the perspective of a win-win situation for both supply
and demand, resulting in a time-sharing tariff scheme for orderly charging optimization.
The results show that the reasonableness of the tariff directly affects the comprehensive
satisfaction of users, which determines the charging behavior of users and affects the
interests of all parties. The reference shows that a win-win situation can be achieved for all
three parties involved, but it requires a multifaceted consideration of the charging strategy.
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Furthermore, in the context of the article, using dynamic time-of-use electricity prices can
lead to better optimization results. The authors in [57] established an orderly charging
model with the participation of grid companies, charging station operators, and electric
vehicle users. The method analyzes the demand and decision-making behavior character-
istics of each party, considers the different objective functions of each party, proposes the
concept of tariff regulation cost, and establishes a tariff subsidy mechanism. It effectively
avoids the problem that the profit demand of charging station operators contradicts the
demand for grid security and satisfies the demand of all parties to participate in orderly
charging. The authors showed that with the appropriate scheduling strategy, the demands
of grid stability, user charging cost, and charging station operating profit can all be met.
However, the drawback of the strategy is that it requires the grid to provide additional
risk improvement subsidies to charging stations beyond the time-of-use pricing strategy to
ensure the profit of the charging station in the optimization process. This is equivalent to
using the economic benefits of the grid to reduce the operational risk of the grid.

4.3. Optimization Algorithm for Orderly Charging

The optimization process of orderly charging has a large scale of computational data
and many decision variables. If V2G technology is used, the impact of charging and
discharging on the grid must also be considered. With such computational difficulties, it
is challenging to come up with an optimal solution within a specified time. Among the
existing studies, the algorithms used for ordered charging are the exact algorithm, convex
optimization algorithm, metaheuristic algorithm, hybrid algorithm, and deep learning
algorithm. The overall algorithm comparison is shown in Table 1.

4.3.1. Precise Algorithm

Precise algorithms, including dynamic and linear programming, are often used in com-
binatorial optimization to find optimal solutions. However, when facing the optimization
problem of sequential charging of electric vehicles with large data sizes, the “combinatorial
explosion phenomenon” occurs. The optimization process consumes too many cases and
storage space, is computationally inefficient, and cannot be solved in the specified time.
Therefore, few studies use the exact algorithm alone to optimize the ordered charging.
The authors in [58] used the mixed integer linear programming algorithm in the exact
optimization algorithm to combine PV power generation and electric vehicle exchange
power stations and modeled the maximum net profit of the power station as the goal.
The optimization efficiency and stability are ensured, and the consumption of new energy
power is also increased. However, the optimization object in the literature is the operation
of battery-swapping charging stations. This algorithm is not applicable in many scenarios
for the more common plug-in charging stations.

4.3.2. Convex Optimization Algorithm

The convex optimization algorithm is a continuous optimization algorithm. It solves
some practical problems by converting them into convex optimization problems and can
find the solution to the problem with high efficiency for problems that can be optimized
convexly. However, this approach has two limitations. First, it is challenging to trans-
form the problem into a convex optimization problem. In addition, the traditional convex
optimization algorithm is a single-objective optimization, which requires additional im-
provements to be applied to the ordered charging of electric vehicles. The authors in [59]
transformed the ordered charging problem by convex optimization and solved the objec-
tive function using the Lagrangian relaxation method. The user charging cost is reduced,
and the convergence speed of the algorithm is significantly improved. However, during
the optimization process, since convex optimization algorithms can only find the global
optimum or prove that the problem has no solution, it is difficult for convex optimization
algorithms to handle cases with multiple local optima. Therefore, in the process of solving
ordered charging, other algorithms need to be used in conjunction.
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4.3.3. Metaheuristic and Hybrid Algorithms

The most commonly used optimization algorithm for ordered charging is the meta-
heuristic algorithm. Compared with the many limitations of exact and convex optimization
algorithms, metaheuristic algorithms can handle the problems of many parameter variables
and large data sizes in the optimization process of ordered charging. Genetic and parti-
cle swarm algorithms are the most commonly used metaheuristic algorithms in ordered
charging research.

Genetic algorithms obtain the optimal global solution by crossover, mutation, and
interindividual merit. The genetic algorithm is also the most applicable of all search
algorithms. In optimizing ordered charging, the optimal charging scheme is obtained
by the genetic algorithm through the superiority of different charging plans according to
the optimization objective. The authors in [60] proposed a dynamic probabilistic genetic
algorithm that changes the probability of change as the number of iterations increases. A
combined model of charging station selection and EV charging optimization is established
and solved by an improved genetic algorithm. An improved genetic algorithm solves the
model to minimize users’ charging time and the grid’s peak-to-valley load difference. The
authors in [61] used the genetic algorithm as an optimization method to perform multi-
objective optimization and guide owners to regulate and orderly charging. The objectives
of reducing charging time, reducing cost, and reducing load peak-to-valley differences are
achieved. The genetic algorithm can achieve good optimization results, but it has a high
computational complexity and slow convergence speed, and it is easy to become trapped
in local optima when facing large-scale ordered charging optimization. Therefore, genetic
algorithms still need to be improved in terms of optimization efficiency to avoid becoming
trapped in local optima in practical applications.

The particle swarm algorithm simulates the foraging behavior of birds to find better
solutions around the current optimal individual and iterate continuously to finally obtain
the optimal global solution. The particle swarm algorithm is simpler in principle and faster
in convergence than the genetic algorithm. The authors in [62] constructed a multi-energy
dispatching strategy including electric vehicles, distributed energy sources, and grid loads,
using a typical urban residential low-voltage substation area as the application scenario.
It solved the optimization scheme with a multi-objective particle swarm algorithm using
the optimization objectives of total load variance and minimum charging cost. The goal
of regulating the grid’s peak load, reducing the charging cost of users, and improving
the profit of charging station operation is achieved. The authors in [26] proposed an
optimization strategy for the orderly charging of electric vehicles based on an individual
differential evolutionary particle swarm optimization algorithm. The objective is to reduce
the wind abandonment rate of the grid system and further improve the degree of wind
power consumption while effectively reducing the fluctuation and amplitude of wind
power output. A dynamic time-sharing tariff is derived according to the optimization
strategy to guide users to orderly charging. The purpose of smoothing the fluctuation
of wind power output and improving the wind power consumption rate is achieved.
Particle swarm optimization (PSO) has strong global search capabilities with relatively
less complexity, and it is faster than genetic algorithms in terms of searching for solutions.
However, in regard to multi-objective optimization in ordered charging, it is prone to
becoming trapped in local optimal solutions, and its local search ability is weak. Therefore,
PSO is more suitable for single-objective optimization in ordered charging. When dealing
with multi-objective optimization problems, multi-objective particle swarm optimization
(MOPSO) or the nondominated sorting genetic algorithm (NSGA) are better choices.

Since the performance of the metaheuristic algorithm depends mainly on the quality
of the initial solution, a good initial solution can save much time and many computational
steps for the algorithm to find the optimal solution. To improve the operational efficiency
of the algorithm, some studies combine the metaheuristic algorithm and the heuristic
algorithm to obtain a hybrid algorithm. The heuristic algorithm seeks a high-quality initial
solution, and then the optimal solution is sought by the metaheuristic algorithm. There
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are also studies combining metaheuristic algorithms and metaheuristics. The advantages
of different algorithms are exploited to offset the disadvantages of each to achieve better
optimization. The authors in [63] combined the gravitational search and particle swarm
algorithms to propose a hybrid improved GSA-PSO method, which optimizes the load
scheduling of microgrids containing electric vehicles. PSO is characterized by global search
and fast convergence, but searches in a small range are not effective, whereas the GSA
algorithm has a strong search capability in a small range but no global search capability. The
MGSA-PSO algorithm can avoid these defects and implement optimal global scheduling of
electric vehicle loads to improve grid security and economy.

4.3.4. Deep Learning Algorithms

In recent years, with the development of algorithmic techniques, increasing research
has been conducted to apply deep learning algorithms to optimize ordered charging. Deep
learning is developed based on machine learning, essentially solving an unconstrained
nonconvex optimization problem. Deep learning is used in the application of orderly
charging to obtain an optimized charging strategy or a pricing scheme for time-of-use
tariffs by analyzing and computing the characteristic model of electric vehicles. The
authors in [64] proposed deep reinforcement learning based on dual-depth Q-networks
for an electric vehicle charging arrangement strategy. It can fully consider the uncertainty
of the travel pattern and charging demand of EVs and achieve the minimum charging
cost of charging stations. Furthermore, the difficulty of model training does not increase
with increasing electric vehicle scale. The authors in [65] proposed a virtual power plant
considering flexible resources such as charging stations, distributed units, energy storage,
and renewable energy. A reasonable power sales strategy is developed based on deep
reinforcement learning to guide the orderly grid integration of electric vehicles and achieve
coordinated complementarity and overall optimization among new energy sources. Deep
learning algorithms can adaptively adjust charging strategies based on real-time data from
charging stations and electric vehicles to meet different charging needs. Compared to other
algorithms, deep learning algorithms have good performance in optimization efficiency
and optimization results. However, training deep learning algorithms requires a large
amount of data and higher hardware requirements. The application of deep learning
algorithms needs to be trained with local user data in different regions, making it difficult
to be widely promoted. The algorithm comparison is shown in Table 2.

Table 2. Comparison of algorithms used in sequential charging optimization.

Algorithm Category Advantages Disadvantages Applicable
Optimization Objectives

Precise Algorithm [58]

Capable of finding the optimal
global solution and accurate

calculation results when
dealing with small-scale data

Difficult to handle for
large-scale data, needs to be
used with other algorithms

Reduced power loss,
minimized user cost,
voltage regulation

Convex optimization
algorithm [59]

High efficiency for suitable
model solving and mature

algorithm development

It is only applicable to the
solution of some problems,

and it is not simple to
transform the problem into a
convex optimization problem

Minimize user cost, maximize
charging station profit, reduce

power loss,
frequency adjustment

Meta-heuristic
algorithms [60–62]

Capable of solving global
optimal solutions, with

excellent performance when
facing large-scale data

More dependent on the
quality of the initial solution,

the algorithm does not
run efficiently

Applicable to most targets
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Table 2. Cont.

Algorithm Category Advantages Disadvantages Applicable
Optimization Objectives

Hybrid Algorithm [63] Excellent calculation efficiency,
accurate calculation results

Need the right combination
of algorithms Applicable to all targets

Deep learning
algorithms [64,65]

Adaptable and can be applied
to most problems.

Data-driven, with high
computational upper limits

High hardware requirements,
difficult model training, and

complex model design

Ability to handle uncertainty
in EV travel and charging

demand, minimizing
user costs

5. Practice of Orderly Charging

Ordered charging technology has been researched and developed over the years and
has gradually been applied to charging practices to find problems and solutions. As early as
2011, Nissan and Hawaii collaborated on JumpSmartMaui (JSM), an orderly charging pilot
project in Maui. Shifting charging loads that would otherwise be at peak off-hours to early
morning hours reduces grid load, prevents peak coincidence, and consumes excess wind
power [66]. The authors in [67] analyzed the transformation and optimization of the island
energy system with the addition of an orderly charging strategy with V2G technology. BMW
partnered with California to launch the forward charge program in 2015. The project uses
V2G technology for charging management and renewable energy integration to optimize
charging strategies to minimize charging costs, “peak shaving and valley filling”, and new
energy consumption. V2G technology and orderly charging optimization have proven to
greatly impact grid regulation and increase user satisfaction [68]. China also carried out
the practice of orderly charging in 2019, based on IoT and V2G technologies, in the North
China Power Grid by deploying a load regulation platform to enable the interconnection
and sensing of resources such as electric vehicles, distributed energy storage, virtual power
plants, and power grids for integrated and coordinated optimal operation [69]. The goals
of grid operation regulation, coordinated distributed energy operation, and improved
customer experience are achieved. Currently, the practice of ordered charging has been
carried out all over the world, such as the Smart Charging and Discharging Demonstration
Project of the Ubiquitous Electric Power Internet of Things in Jiading District, Shanghai,
which has already brought real economic benefits to electric vehicle users. Even in regions
with relatively developed new energy, such as the Netherlands and California, ordered
charging participating in power regulation has formed a preliminary commercial model. As
shown in Table 3, the above practical projects show the great potential of orderly charging
technology in grid regulation. By improving and optimizing the technology, satisfying
the interests of all parties, and allowing more people to participate in orderly charging, a
win-win situation can eventually be formed for all parties.

Table 3. Orderly charging practice.

Project Start Time Characteristic Meaning

JumpSmartMaui (JSM) 2011

To combine the scheduling of electric
vehicle charging load and the

consumption of new energy sources, and
to explore the promotion effect of electric

vehicles on clean energy and the
regulation effect on power grids

The first large-scale orderly charging
time, the experimental method and the
experimental results provided valuable

reference value for later research.
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Table 3. Cont.

Project Start Time Characteristic Meaning

iChargeForward 2015

The further combination of charging load
scheduling and new energy consumption,

using intelligent orderly charging
optimization scheduling, and adding the

application of retired battery
energy storage.

Different orderly charging optimizations
were practiced in various environments,

and the results showed that different
orderly charging strategies were needed
in different environments. The various

incentive methods used also proved that
economic benefits were the most effective

in stimulating users to participate in
orderly charging.

Load control platform of
North China Power grid 2019

Combining technologies such as V2G,
virtual power plant, distributed energy
storage, etc., to optimize and schedule

the electric vehicle charging load of
different operators in a unified way.

This practice realized for the first time in
China the real-time connection and data

sharing between the scheduling
automation system and the load

aggregator operation system, breaking
through the multi-level barriers, and

achieving the power aggregation
perception monitoring of electric vehicles

and distributed energy storage.

Smart charging and
discharging

demonstration project of
Ubiquitous Power Internet

of Things

2020

To explore in depth the connection
between virtual power plants and electric
vehicles, to achieve more efficient peak
shaving and valley filling through V2G
and other technologies, and to promote

the consumption of more distributed new
energy sources.

The wide application of orderly charging
technology and virtual power plant
technology, affecting the intelligent

power dispatching of thousands of users.

6. Challenges to Orderly Charging

With the influence of people’s concept of environmental protection and policy support,
electric vehicles will gradually become popular in people’s daily lives and replace fuel cars.
How to solve the charging problem of electric vehicles, make the electric vehicle load have
a positive impact on the grid, make the charging pile profit from the charging process, and
reduce the user's charging expenses are the research goals of orderly charging. After years
of research and development, orderly charging technology has been gradually applied in
practice in different regions. For example, the “special charging” project of China’s “TELD”
company and the pilot project of orderly charging in Zhengzhou, a residential district in
China, have shown the advantages of regulating the power grid and reducing costs, but
they have also revealed some problems and challenges. In these practices, the orderly
charging strategy has demonstrated the advantages of regulating the grid and reducing
costs but also revealed some problems and challenges.

6.1. Communication Problems of Orderly Charging

Information exchange between electric vehicles, power grids, and charging stations
is the basis for orderly charging. Whether the control structure of orderly charging is
centralized, distributed, or hybrid, a stable communication structure is needed. However,
the current level of communication in many areas does not meet the communication re-
quirements of orderly charging. One reason is that there is no uniform communication
method for charging piles. Different companies produce charging piles with different
communication methods: some charging piles use Ethernet communication [70], some use
wireless network communication for convenience [71], and others use carrier wave com-
munication for communication stability [72]. To achieve the communication requirements
of orderly charging, the distribution network needs to be equipped with communication
methods compatible with the charging piles. Different communication methods not only
add to the construction cost of the distribution network but also add to the construction
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difficulty. The other reason is that the information level of the regional distribution network
itself is insufficient. Regardless of whether the charging piles are built in the parking lot of
the residential area or the charging stations in the commercial area, the information level of
many regional distribution grids needs to meet the requirement of real-time information.
It is challenging to ensure stable transmission of information in the face of large-scale EV
charging and discharging control. In the future, if we want to realize orderly charging
optimization, we should first improve the information level of the distribution network and
establish a smart grid. In addition, to solve the communication problem, the construction
of a ubiquitous power IOT can provide some reference. 5G technology’s ultra-high-speed
transmission, high reliability, low power consumption, low latency, and other characteris-
tics are all needed to communicate orderly charging. The application of 5G technology is
an excellent solution to the charging communication problem in the future.

6.2. Data Security Privacy Issues

Protecting user information security is the premise of orderly charging optimization.
In most of the orderly charging optimization solutions, the user’s vehicle usage information
and trip information need to be collected, and some optimization solutions even need to
collect the user’s driving habits and routes for analysis. To a certain extent, this increases
the danger caused by user data leakage. User data leakage can lead to unnecessary losses
for users on the one hand and discourage them from participating in orderly charging on
the other hand. The authors in [73] introduced possible network security issues such as
payment security, electricity metering, and camping data in the charging process, summa-
rized the possible attack patterns, and proposed two intrusion detection methods based
on the model and data. Therefore, developing orderly charging technology, protecting the
security of user data, and establishing a cyber-attack defense mechanism for the charging
system is the future development direction of the charging system.

6.3. Reasonable Market Mechanism

A rational market mechanism is the best motivation to promote the participation of all
parties in orderly charging. The pricing issue for orderly charging optimization becomes
particularly salient after electric vehicles regulate the grid through V2G technology. Some
studies have argued that the grid should give up some of its profits to supplement customers
and charging stations. The grid is the most profitable party because it improves operational
stability through EV load regulation, increases new energy consumption, and sells surplus
power. Some studies argue that charging stations should reduce charging tariffs because
they reduce equipment losses through orderly charging and gain additional profits. There
are also studies that the government should give more subsidies because the social benefits
of orderly charging electric vehicles are significant, promoting new energy consumption
and reducing carbon emissions. Developing a market mechanism that satisfies all parties is
an issue the government needs to improve. Blockchain technology can solve the market
mechanism problem due to its security, transparency, traceability, and bidding method.
One study applied blockchain technology to the orderly charging of electric vehicles and
participated in the smart contract and tariff transaction of V2G regulation to achieve a
reasonable benefit distribution among all parties [74].

6.4. Number of Charging Piles

The number of charging piles is a constraint for orderly charging optimization schedul-
ing. Most orderly charging optimization methods are based on the ideal condition that the
number of charging piles is sufficient and the user’s electric vehicle can be connected to
the charging piles and wait for the charging order from the control center. However, in the
reality of charging station usage, many EVs are often connected to charging piles during
peak power consumption periods, while some are still waiting for charging positions.
Therefore, coordinating the optimal scheduling of orderly charging and user charging
demand is a problem that must be solved. The authors in [75] proposed a charging station
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capacity and pricing scheme that considers user behavior uncertainty. Charging station
operation is optimized by changing the tariff to guide uncertain user charging behavior. Is
it by physically increasing the construction of charging posts? Or is it through charging op-
timization, which expands the capacity of charging stations by scheduling appropriate EVs
for early charging when charging demand is excessive? Is there a need to compensate for
vehicles scheduled to charge in advance? These questions need to be considered for future
research on orderly charging. Combining virtual power plant technology with charging
stations, the charging stations within a region can be centrally coordinated, making full use
of idle charging piles within the region and effectively solving the problem of insufficient
charging piles in individual charging stations.

6.5. Problems with V2G Technology

There is no doubt that the emergence of V2G technology will take the optimization
and scheduling of orderly charging to a higher level. With the support of V2G technology,
electric vehicles are no longer just consumers of electricity but become flexible energy
storage devices, as shown in Figure 7. On the premise of ensuring users’ charging needs,
idle energy can be used to provide energy to the grid, achieving bidirectional transmission
of energy between the grid and electric vehicles [76]. The application of V2G technology
expands the impact of electric vehicles on the grid, providing greater scheduling space for
orderly charging in terms of grid frequency, new energy consumption, and user charging
costs [77]. In the aforementioned Shanghai Jiading District’s ubiquitous electric power
Internet of Things smart charging and discharging demonstration project, electric vehicle
users have already gained profits through V2G technology. They charge their cars when
the electricity price is low at night and discharge to the grid when the power is in short
supply during the day, solving the problem of power supply shortage while providing
economic benefits to users.

However, there are still some problems in the practical application and research of
V2G technology. First, there are technical problems. To apply V2G, it is necessary to
equip bidirectional charging and discharging interfaces, which involves updating the
hardware equipment of charging stations, protocol formulation of software, data security,
and other issues [78]. In addition, the introduction of V2G technology means that the
optimization scenarios faced by orderly charging are more complex, and the requirements
for optimization programs are higher. Therefore, upgrades in hardware and software are
necessary, which bring investment costs. Second, there is the issue of battery wear [79].
Adopting V2G technology for bidirectional charging and discharging will accelerate the
aging of the battery. The aging of the battery will lead to a decrease in battery capacity,
which is most intuitively reflected by the reduction in driving range for car owners. Most
electric vehicle users have range anxiety, and new energy vehicle companies have invested
a lot of money in battery research to increase driving range. However, due to the use of
V2G technology, the performance of the battery is decreasing. Is it worth it? Finally, there is
the market problem [80]. Knowing that V2G technology will cause battery degradation,
additional economic compensation may not necessarily increase user response. In such a
market environment, charging stations and car companies also find it difficult to invest in
V2G technology. Therefore, suitable V2G service strategies and government policy support
are needed to promote V2G technology. For example, the “Regulatory Sandbox” policy
in the UK is worth learning from. At the same time, it is also necessary to improve the
optimization problem of V2G technology and solve the problem of battery aging caused
by V2G technology. Aging retired batteries can be recycled to reduce losses caused by
V2G technology.
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7. The Future of Orderly Charging

Research on orderly charging technology has become hotter with the popularity of
electric vehicles in recent years, and scholars’ continuous innovation and improvement in
modeling, algorithms, and optimization objectives have gradually improved and matured
orderly charging technology. Many research results have been obtained in distributed
charging and V2G bidirectional charging, as foreseen in [82]. However, research on or-
derly charging still has great development prospects. With the innovation of algorithms,
the improvement in people’s environmental awareness, the enhancement of processor
computing power, and the mature application of IoT technology, future orderly charging
technology will develop in the direction of environmental protection, more energy savings,
more intelligence, and more safety.

(1) More environmentally friendly orderly charging optimization: Fully stimulating the
user’s environmental awareness and the corresponding government policies will
become the new direction of orderly charging development. The significance of
promoting electric vehicle popularity is replacing traditional fuel vehicles with electric
ones. Reduce the dependence on fossil energy and reduce carbon emissions to achieve
the goal of carbon peaking and carbon neutrality: Because of the carbon emissions that
coal-fired power plants also produce, future electric vehicle charging must necessarily
be combined with distributed generation, such as wind and photovoltaics. Some
current studies on orderly charging have already considered new energy sources, and
controlled, orderly charging through charging stations maximizes the consumption of
new energy generation [83]. However, more than just the efforts of charging stations
alone are needed; they should also fully stimulate the environmental awareness of
users so that people can contribute to environmental protection together. The carbon
emissions generated by charging decisions will be made in future orderly charging
optimization: Users will be able to see the carbon emissions reduced by that decision in
the process of making charging decisions, allowing them to feel the positive feedback
of the environmental benefits. The government should also introduce corresponding
policies to limit carbon emissions or incentivize environmental behavior through
carbon quotas. For example, Ref [84] uses carbon quota restrictions to optimize bus
charging and discharging.

(2) More energy-efficient orderly charging optimization: The participation of retired
batteries in orderly charging optimization will be another development direction
that benefits many parties. The disposal of retired batteries for electric vehicles is a
controversial issue. Due to the long-term charging and discharging of the battery, the
battery’s performance in all aspects, such as storage capacity, will gradually decline.
The electric vehicle battery will be retired when its performance is depleted to below
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the standard value. The retired batteries are put into the optimization of orderly
charging, playing the role of energy storage and regulating power distribution [85].
Users can reduce the cost of battery replacement: Charging stations can reduce the
cost of building energy storage devices. The grid can be operated more stably and
efficiently. Socially, pollution from waste batteries can be reduced.

(3) A more digital and intelligent optimization of orderly charging: The participation
of electric vehicles in regulating virtual power plants is a popular project for current
research. Many studies have shown that electric vehicles, as mobile energy storage
devices, can benefit multiple parties by participating in the regulation of virtual power
plants through the optimization of ordered charging and by taking advantage of the
flexible energy storage of electric vehicles [86]. Integrating regional distributed re-
newable energy and optimized charging into the regulation of virtual power plants:
Through the resource integration of virtual power plants and the fine-tuned schedul-
ing of electric vehicle loads, the efficiency of distributed renewable energy integration
can be effectively improved. With the development of IoT technology and digital twin
technology, future orderly charging optimization will utilize a more refined digital twin
model and smart city technology to breakdown professional data barriers and realize
collaborative management of the whole value chain combining urban transportation,
distributed power generation, virtual power plant regulation, and orderly charging
optimization [87]. Realizing cluster and intelligent management and decision-making,
from global optimization to full control of individual charging decisions.

8. Conclusions

It is foreseeable that with the improvement in people’s environmental awareness,
policy guidance, and the development of digital technology, the future electric vehicle
charging load will no longer be the initial obstacle to grid operation after the optimization
of orderly charging. Instead, it will play an important role in regulating the grid, reducing
user travel costs, and ultimately achieving the dual carbon goal. This paper summarizes
the research on orderly charging technology in recent years and presents some perspectives
on orderly charging technology from the following aspects.

(1) This paper summarizes the application architecture of ordered charging from the
concept of ordered charging and introduces the advantages and disadvantages of
centralized, distributed, and hierarchical control architectures.

(2) The current research status of orderly charging is analyzed from three levels: the
steps and methods of load modeling, the optimization objectives of orderly charging,
and the optimization methods of orderly charging. The methods of load modeling
for orderly charging are summarized, and the optimization of grid operation, eco-
nomic optimization, environmental optimization, and multi-objective optimization
for orderly charging are introduced. The advantages and disadvantages of the exact,
convex optimization, metaheuristic, hybrid, and deep learning algorithms are com-
pared. Several practical projects of orderly charging are presented to illustrate the
importance of orderly charging for the benefit of all parties.

(3) The article points out the challenges and prospects of orderly charging technology.
Feasible solutions are proposed for communication problems, data security issues,
market mechanism problems, a limited number of charging piles, and the application
of V2G technology. To solve the communication problem of charging piles, the automa-
tion level of regional distribution networks should be improved, and IoT technology
and 5G communication should be combined to realize orderly charging scheduling of
charging piles. To address the data security issue, network defense systems should be
strengthened, and encryption technology and user agreements should be improved.
For market mechanism issues, a blockchain transaction system led and supervised
by the government should be established to leverage the government’s scheduling
advantages and stimulate market vitality. To address the limited number of charging
piles, virtual power plant technology should be utilized to allocate charging stations
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in the region uniformly and make full use of idle charging piles. To overcome the
current developmental difficulties faced by V2G technology, pilot projects should be
launched with the government’s support to reduce the cost of battery loss caused
by V2G technology using retired battery recycling methods. The potential develop-
ment direction of orderly charging technology is also pointed out, and it is expected
that with the development of technology and the joint efforts of all parties, orderly
charging optimization will have unique advantages in environmental protection and
social construction and form a more environmentally friendly, energy-saving, and
intelligent orderly charging system.
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