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Abstract——With the development of renewable energy and the
changes in the characteristics of power grid, it is becoming in‐
creasingly difficult to balance power supply and demand in
space and time. In addition, the requirement for improved dis‐
patching capability of power grid is increasing. Therefore, the
potential of flexible load dispatching should be realized, which
can promote the large-scale consumption of renewable energy
and the construction of new power grid. Based on the analysis
of existing load dispatching studies and the differences in the
characteristics of domestic and foreign load dispatchings, a tech‐
nical architecture and several key technologies are proposed for
load resources to participate in power grid dispatching under
the new situation, i.e., the autonomous collaborative control sys‐
tem of load dispatching. This system implements the multi-layer
coordinated control of main, distribution and micro grids (load
aggregators). Adjustable load resources are aggregated through
an aggregator operation platform and connected with a dis‐
patcher load regulator platform to realize real-time data inter‐
action with dispatching agencies as well as the monitoring, con‐
trol, and marketing of aggregators. It supports the load resourc‐
es to participate in network-wide dispatching optimization via
continuous power adjustment. Several key technologies such as
the control mode, load modeling, dispatching strategy, and safe‐
ty protection are also elaborated. Through the closed-loop con‐
trol of orderly charging piles and energy storage clusters in the
North China Power Grid, the feasibility of the proposed archi‐
tecture and key technologies is verified. This route has succes‐
sively supported multiple adjustable load aggregators to partici‐
pate in the ancillary services market of North China Power
Grid for peak-shaving. Finally, the technical challenges of load
resources participating in power grid dispatching under the du‐
al carbon goals are discussed and prospected.

Index Terms——Automatic power control (APC), load model‐
ing, load dispatching, renewable energy accommodation, situa‐
tion awareness.

I. INTRODUCTION

IN 2021, China clearly stated to make every effort to
reach the peak of carbon emissions by 2030 and strive to

achieve carbon neutrality by 2060. This is named the China
dual-carbon goals. Besides, non-fossil energy will account
for approximately 25% of primary energy consumption in
2030 and the total installed capacity of wind power and so‐
lar power will reach 1.2 GW or more [1]-[3]. However, the
randomness and fluctuation of wind power and photovoltaic
power generation are evident, and the increasing generation
of renewable energy improves the requirements for their
large-scale optimization configuration and the safe operation
of power grid [4]. In the next decade, the daily fluctuation
of newly-added power caused by renewable energy will ex‐
ceed 500 GW. To balance power supply and demand in
space and time will become increasingly difficult. The re‐
quirements of the dispatching capabilities of power grid will
become higher [5]. Therefore, in the context of dual-carbon
goals, the development situation of renewable energy should
be considered, the potential of flexible load dispatching
should be utilized, and the large-scale and efficient consump‐
tion of renewable energy should be promoted.

In order to achieve the balance between power generation
and consumption, traditional dispatching and control are
achieved by adjusting generator sets. However, when there is
a large proportion of grid-connected capacity of intermittent
energy such as wind power, the traditional dispatching
mode, which relies solely on the adjustments achieved by
the conventional generators to balance wind power fluctua‐
tions, fails to utilize the full dispatching and control capabili‐
ties of the power grid. In the future, demand-side controlla‐
ble resources will be incorporated into the dispatching plan
and real-time control system of the power grid. The transfor‐
mation from the traditional model of “source adjusting with
load” to the collaborative model of “source-load interaction”
is promoted [6]. Several load resources have the potential of
dispatching on the distribution network, which exhibit the
characteristics of multiple points with large quantity, small
capacity, low voltage level, and diverse subjects. These in‐
clude various loads such as electric vehicles, distributed ener‐
gy storage, air conditioning and electric heating of smart
building, and industrial parks [7]. According to statistics, ap‐
proximately 400000 electric vehicles were recorded at the
end of 2018, among which approximately 230000 were in
Beijing. The capacity of these energy storage resources ex‐
ceeded 200 MW. The air conditioning ownership was ap‐
proximately 80 million units, and the number of electric
heating households reached 1.63 million. Guiding these re‐
sources to be included in the optimization control of the
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power grid, will increase the regulation resources of the Bei‐
jing–Tianjin–Tangshan power grid by a maximum of ap‐
proximately 4 GW. Additionally, the power marketing and
dispatching departments in various regions have established
marketing demand response systems or interruptible precise
load shedding systems of various degrees, which gather a
considerable amount of load resources to cope with the ex‐
treme conditions of the power grid, such as the tension of
peak summer balance or DC high-power lockout. If these
are included in the routine dispatching of the power grid, the
dispatching capability of the power grid will be considerably
improved and the level of clean energy consumption will be
increased [8], [9].

The rapid development in 5G communication and the In‐
ternet of Things have led to significant increases in the tech‐
nical level of various load terminal devices such as electric
vehicles and distributed energy storage, interconnect imple‐
mentation, perceive, measure, and control terminal loads
[10]. If adjustable load resources are guided by efficient tech‐
nical support and innovation combined with market-based in‐
centives to respond to power grid dispatching through contin‐
uous power dispatching, the dispatching potential and flexi‐
bility of load-side resources will be completely realized, and
a win-win situation for the power grid and users can be
achieved [11].

Therefore, the operation form of the power grid in China
is changing with the rapid development of ultra-high-voltage
(UHV) power grid and renewable energy, gradual improve‐
ment in the electricity market, continuous advancement of
two-way interactive power consumption of users, and diversi‐
fied and multi-directional flow of electric energy and infor‐
mation. In order to adapt to this situation, the dispatching
and control modes of the power grid will also undergo ma‐
jor changes, presenting new requirements for the business
support of dispatching systems in the future [12]-[14]. Refer‐
ence [15] models load communication delay and packet loss,
and proposes a new aggregation control strategy considering
the number of users being controlled. The control strategy
has the characteristics of low delay and high accuracy to
control the load group, which can ensure the timeliness of
the control action, so as to suppress the depth of the system
frequency drop, reduce the frequency adjustment error, and
reduce the risk of system instability. Reference [16] carries
out global unified planning for power dispatching informa‐
tion from the aspects of object identification coding rules,
model rules, modeling methods, and global sharing. It pro‐
poses a structured design scheme of general data object for
power dispatching oriented to regulatory cloud. The scheme
will lay a solid foundation for business cooperation and data
exchange and sharing among professionals and institutions,
and strengthen the centralized decision-making of power
grid operation. Reference [17] proposes a hierarchical and
partitioned emergency load cutting system architecture,
which divides the load distribution network into several re‐
gions. For each region, the model parameters of the external
network equivalent are identified by local measurement, and
the load cutting optimization model considering the external
network equivalent is established. This model is transformed

into a second-order cone programming model, which can be
solved effectively by using the second-order cone relaxation
technique. Reference [18] establishes a multi-level power dis‐
patching model of flexible load taking into account the pre‐
dicted mean vote (PMV), and proposes a consumption allo‐
cation strategy taking into account the PMV of multi-region
users. Based on the power state queue, a joint dispatching
strategy is carried out for the flexible load groups with sin‐
gle and multiple power levels, and the load power is dynami‐
cally adjusted according to the variation of consumption. It
will realize accurate consumption, improve the users’ com‐
fort, and make the multi-level power loads run smoothly.

Based on the goal of dual-carbon, this paper proposes a
technical architecture and several key technologies required
to incorporate adjustable load resources such as electric vehi‐
cles, distributed energy storage, air conditioning, and electric
heating of smart buildings into the scope of power grid load
dispatching. After converging through aggregators, adjust‐
able load achieves interconnection and awareness on the dis‐
patching side. Through automatic power control (APC), the
continuous power dispatching of the load resource cluster
can be achieved. Furthermore, the power and time flexibility
of the load will be completely utilized, increasing the power
grid dispatching resources and helping to reduce peaks and
troughs and clean energy consumption. Through the practical
cases in North China Power Grid, the coordinated control
function of the source, network load, and storage is expand‐
ed, and the proposed load dispatching architecture and key
technologies are validated. Finally, the technical challenges
of large-scale adjustable load resources participating in pow‐
er grid dispatching are discussed and prospected.

II. OVERALL STRUCTURE OF LOAD DISPATCHING

A. Characteristics of Power Grid Load Dispatching in China

The situation and characteristics of load dispatching in
China and other countries are not the same. Other countries
generally operate within a power grid area. The electrical dis‐
tances between the power source and the load are relatively
short. The transmission and the distribution can operate in a
decoupled manner. The load dispatching is realized on the
distribution level. In Maryland, USA, as for measures and
managements after power accidents, load dispatching is not
directly conducted by dispatching operators but by the re‐
gional dispatching agency [19]. A new power system focus‐
ing on renewable energy is being built in China. The power
generation centers of renewable energy are primarily located
in the west of China. Power will be transmitted to the east‐
ern load centers thousands of kilometers away through UHV
AC/DC transmission. The transmission and distribution have
a strong interaction. Load dispatching should be achieved
through the framework of centralized coordination of trans‐
mission and distribution and regional autonomy within the
distribution network. The current dispatching system in Chi‐
na has a five-level dispatching architecture, i.e., national dis‐
patching–regional dispatching–provincial dispatching–lo‐
cal dispatching–power distribution [20]. The objects of load
dispatching are distributed with a considerable amount in the
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latter three levels. Therefore, resources need to be aggregat‐
ed from the power distributors and aggregators, and then
flexibly connected to the regional, provincial, and local lev‐
els for different needs [21]. For example, to solve the prob‐
lems of cross-regional renewable energy consumption and
high-power loss, regional dispatching needs to be connected;
to solve the problem of renewable energy consumption with‐
in the province and the power problem of internal divisions,
the participation of regional dispatching is also needed; to
solve the problems of distributed renewable energy consump‐
tion, local congestion, voltage, and other issues within an ur‐
ban power grid, it is necessary to connect to the local dis‐
patching.

Differences can also be observed in the incentive mecha‐
nism of load dispatching in China and other countries. Sever‐
al developed countries have relatively advanced experience
in the development and research of responses to user de‐
mands [22]. The United States and the European Union have
gained rich practical experiences in demand response. Their
technology and market mechanisms are also relatively ma‐
ture and complete. The United States has quit from some de‐
mand response projects such as the capacity markets, elec‐
tricity markets, and ancillary service markets. The European
Union has launched a pilot project for the automatic demand
response to industrial and commercial equipment, which
guides users to actively participate in services such as de‐
mand response, peak-shaving, and frequency modulation
through market means such as electricity price incentives
and demand-side bidding. The Singapore Wholesales Elec‐
tricity Spot Market is a single electric energy market. To en‐
courage the demand response to participate in the market,
the subsidy is not based on marginal pricing but is calculat‐
ed based on one-third of the increase in consumer surplus.
Furthermore, its penalty mechanism is relatively strict [23].
The Electric Reliability Council of Texas in the United
States operates the day-ahead and real-time electric energy
markets, with a “price cap” reaching 9000 $/MWh (approxi‐
mately 62 yuan/kWh). Furthermore, it allows load projects
to participate in the ancillary service market. The upper limit
of the load items that provides the spinning reserve services
for the Texas wholesale market was initially set to be 25%
of the total spinning reserve service demand, which was in‐
creased to 50% in 2006. At present, China has a two-level
spot market that comprises inter- and intra-provincial spots.
Some provinces and regions in China are promoting the con‐
struction of electricity market, but its development is still in
its infancy; further, compared with the electricity markets in
foreign countries, the market in China is just in the begin‐
ning [24]. In this market environment, it is difficult to regu‐
late the grid by adjusting the dynamic demand response in
real time based on prices or incentive signals.

Therefore, the load dispatching system in China needs to:① consider the characteristics of large-scale UHV long-dis‐
tance transmission, super-massive load dispatching objects,
inconsistent levels of development of power grid in various
provinces, and inconsistent development stages of the elec‐
tricity market in various provinces; ② be integrated with the
existing five-level dispatching framework and two-level spot

market; ③ be consistent with the current statuses of power
grid and market development to achieve the goals of step-by-
step implementation and coordinated development in differ‐
ent regions.

B. Overall Framework

Demand-side resources are complex and exhibit some
characteristics such as small capacities, massive quantities,
and wide distribution [25]. In the future, in each region, the
cost of demand-side response, power response characteristics
of adjustable resources, etc., will be different. The demand-
side resources themselves exhibit the problem of coordinated
dispatching and control in a wide area [26]. In particular, the
distributions of wind power (and other renewable resources)
and loads in China are in reverse. Therefore, the dispatching
technology support system needs to achieve not only the
wide-area coordinated control of the demand-side resources
themselves, but also the cross-regional coordinated dispatch‐
ing of renewable energy power generation and demand-side
resources from the level of the entire interconnected power
grid.

According to the existing supervision rules in China and
the principles on management and division of labor for load
aggregators of State Grid Corporation of China, there are
currently four main types of load resource aggregators [27],
including Internet of Vehicles platforms (electric vehicles),
smart energy service platforms (user-side energy collection,
hosting and demand response), third-party independent entity
(virtual power plants) aggregators, and large users (self-pro‐
vided power plants, large industrial users). Based on the dis‐
patching characteristics of various load resources and the dif‐
ferentiated dispatching requirements, load dispatching for
multiple scenarios is formed to support the efficient con‐
sumption of clean energy and the safe and reliable operation
of the power grid. The scenarios and goals of load dispatch‐
ing are shown in Fig. 1.

Based on the current status of the dispatching system and
electricity market, as well as the load characteristics in Chi‐
na, this paper proposes an architecture of an autonomous col‐
laborative control system for load dispatching, as shown in
Fig. 2 [28]. The characteristics of the architecture are as fol‐
lows.

1) The architecture entails a “three-level connection to
control, two-level market” model based on “sub-center–pro‐
vincial dispatching– local dispatching/aggregator” which is
compatible with the existing five-level dispatching frame‐
work and two-level spot market to adapt to the existing con‐
trol architecture and market model. Meanwhile, it also con‐
siders the development trend of regulating cloud and aggre‐
gators in the future. It can achieve a seamless connection of
the system and the phased development of functions. The
significance of classification modeling and partition monitor‐
ing in regional scheduling is as follows. Classification mod‐
eling is to model different types of loads. Partition monitor‐
ing is based on topology analysis to divide the power grid in‐
to hierarchical power supply areas which can monitor the
power generation, load and other information of the respec‐
tive areas.
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2) This architecture adopts a multi-layer autonomous col‐
laborative control mode, which can effectively solve the
problems of various load types, small capacities, and com‐
plex characteristics, and reduce the impact of the uncertainty
of a single load on the power grid through multi-level aggre‐
gation and control. The architecture satisfies the require‐
ments for the large-scale participation of adjustable loads in
real-time dispatching and control in the new situation. It not
only inherits the traditional merits of distributed control sys‐
tem such as reliability and flexibility, but also strengthens
the comprehensive application of system-wide information.

3) This architecture adopts the coordination method with a
dispatching system and cloud. It deploys adjustable load ac‐
cess, monitoring, control, and other functions on the smart
grid dispatching and control system (i.e., the D5000 system).
It also deploys full-path modeling and sharing of adjustable
loads, reference power prediction, load characteristic analy‐
sis, adjustment performance evaluation, and other functions

in the control cloud, with a focus on analysis.
This architecture supports multi-level access of aggrega‐

tors to the spot market. Four types of aggregators can per‐
form market declaration, clearing, and settlement through
sub-center/provincial dispatching to solve the problems per‐
taining to the transmission grid level, and have consistent ac‐
cess methods with the current Internet of Vehicles platforms
and smart energy service platforms. Industrial users and ag‐
gregators can also avail access through local dispatching to
solve the problems pertaining to the transmission and distri‐
bution coordination levels. This method is consistent with
the current access methods for industrial users.

C. Main Innovations and Key Technologies

This load dispatching framework can realize the new pow‐
er grid scheduling mode of generation, load, and storage, im‐
prove the flexible dispatching capacity and operation effi‐
ciency dramatically, and support the safe and reliable opera‐
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Grid frequency
 regulation

 

Resource type: industrial users, electric vehicles, virtual power plant, commercial buildings and energy storage, etc.
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Fig. 1. Scenarios and goals of load dispatching.
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tion of the power grid and the efficient consumption of
clean energy. The main innovations and key technologies of
this paper are shown in Fig. 3.

III. KEY TECHNOLOGIES FOR LOAD DISPATCHING

A. Control Mode

As the scale of renewable energy power generation contin‐
ues to increase, the uncertainty of load changes, and restric‐
tions such as backup and network security constraints are af‐
fected, local power grid cannot easily achieve power balance
by coordinating the output of conventional units within the
region [29]. The current power balance mode of “balance in
province” should be broken and expanded to the regional
and even national power grid. Large-scale unified centralized
coordinated control decisions should be made for the entire
network, and the unit status, load changes, and generation of
renewable energy from each regional power grid should be
integrated to maximize the optimization and dispatching of
resources. This paper proposes to build a control system
with “centralized coordination and regional autonomy”
based on the safe operation of the power grid and with the
goal of maximizing the consumption of renewable energy.
1) Core Reflection of Centralized Collaboration

The four types of load aggregators send load models and
real-time data to the dispatching agencies and participate in
the load service market through market declarations. The dis‐
patching agency reasonably sets its target values of control
or operation based on global calculations and completes the
joint clearing of resources on both the power generation side
and the load side of forming an adjustment curve that guides
load aggregators. During the day, the APC module generates
global optimization instructions in real time according to the
load dispatching curve and sends them to load aggregators,
who will decompose the instructions and send them to the
load terminals for execution. Through global coordination,
the global optimality of control is achieved to optimize the
overall goal.
2) Core Reflection of Regional Autonomy

The objects of autonomous control consist of a sub-con‐

trol area in space, such as a certain local dispatching area or
load aggregator. Using fast adjustable resources in the area,
the changes in the state quantity caused by the fluctuation of
the injection quantity within the area are controlled within a
certain target value or a given range, which was set in a cen‐
tralized and coordinated manner, making the control area
more friendly and easier to interact with outer areas in the
overall global system. This will help reduce the complexity
of the problem through distributed autonomy, to obtain con‐
trol agility, reliability, and operability. The distributed algo‐
rithm of regional autonomy refers to the method of APC
module adjustment curve according to the load. It generates
the whole network optimization instruction in real time, and
sends the regional adjustment instruction to the regional load
aggregator at the same time. The specific process is shown
in Fig. 4.

3) Control Goal of Sub-centers: Regional Coordination
Each sub-center uses the D5000 system to perform APC,

regional monitoring, acquisition of inter-provincial spot mar‐
ket data, and distribution of the province-level power grid
control targets to the provincial dispatching. Further, it de‐
ploys the four types of load modeling and capability assess‐
ment functions on the control cloud. The sub-centers interact
with the operation platform of aggregators through the com‐
munication interface. The operation platform uploads data
such as the real-time power of the adjustable load resources
and the adjustment target to the load dispatching platform.
The data is not only shared with the control cloud or ancil‐
lary service market system, but also sent to the data collec‐
tion and monitoring module after the data text is generated
on the load dispatching platform. To decompose the control
targets, the adjustable capacity data of load need to be ob‐
tained to establish and update the basic model of single re‐
source and adjustable capacity database. Using the basic
model of single resource, adjustable capacity database, hier‐
archical partition and multi-level aggregation object, the ad‐
justable capacity of aggregation object under different dimen‐
sions is analyzed and derived. According to the adjustable
ability, the power grid control targets are decomposed and
sent to individual resources. As for the modeling and control
of individual load, the work is conducted by the load aggre‐
gators in the lower layer.

After receiving the control instructions from the sub-cen‐
ter, the provincial dispatching uploads the demand and load
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Fig. 3. Main innovations and key technologies.
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aggregation model at its level and sends control instructions
to the local dispatching. The local dispatching implements
basic functions such as operation monitoring and operation
control of the power grid in various areas, and provides in‐
formation support such as accurate and reliable power grid
operation status to the dispatching and analysis level. Other
than APC and regional monitoring, provincial-local coordina‐
tion, classification modeling, and load access should also be
implemented. Further, the ability to directly upload the re‐
gional requirements and models without going through the
control cloud should be realized. For large-scale users and
third-party independent aggregators, the load interruption
control instruction can be executed through local dispatching
under certain conditions.

In order to adapt to the development of power grid and
electricity market in China, load dispatching includes the fol‐
lowing two modes. One is the market-oriented adjustment
mode, where the central or provincial dispatching sends the
overall adjustment targets to the aggregators, which are de‐
composed and issued to the terminals for being executed by
aggregators. This mode considers safety and economic coor‐
dination. Another is the interruptible load control mode.
From provincial to local dispatching, the control targets are
issued according to the regional division. The local dispatch‐
ing performs the strategic decomposition and execution. This
mode primarily considers safety.

B. Load Modeling

The load modeling in the proposed framework refers to
the dispatching capability modeling including two aspects.
One is the dispatching capability modeling of load aggrega‐
tors for the dispatching and operation of power grid; the oth‐
er is individual load modeling for aggregators. The load
models are established to accurately describe the relation‐
ships between environmental variables, equipment parame‐
ters, and power changes. The current mainstream research
method is the construction of precise physical models. Equa‐
tions are used to reflect the correlation between variables,
such as thermodynamic models of water heaters and air con‐
ditioners [30]. The modeling problem on the load side is dif‐
ferent from that on the power generation side, where the con‐
trol characteristics are relatively consistent. In practical appli‐
cations, the actual load operation model is affected by un‐
structured influences in several aspects, such as by the sub‐
jectivity of users’ behaviors, differences in manufacturer pa‐
rameters, and non-deterministic influence parameters of the
environment. The model cannot be easily described in detail.
Most of the current solutions are focused on a relatively ide‐
al setting in one or several situations [31].

The load modeling methods mainly include statistical com‐
prehensive modeling, measurement-based method, and fault-
based simulation method. The inputs of these methods are
load types, voltage grades, and electrical data, and the out‐
puts are the load model and its parameters. The aggregation
model is mainly a classification model of automatic aggrega‐
tion of individual regulated resources from three dimensions
of space, time, and object based on the individual model.
The time scales include second level and minute level. The

resource types include industrial users, non-industrial air con‐
ditioners, energy storage, load aggregators (including smart
parks, commercial buildings, integrated energy bodies, etc.),
electric vehicles and group control load collection quantity,
predicted value, response rate and control effect, etc. It sup‐
ports business scenarios such as blockage elimination, back‐
up control, and power balancing. Obviously, the modeling
method varies with load types to make the model more accu‐
rate. Different methods are suitable for different scenes and
load types to meet the requirements of strategy optimization
and cluster control.

The load modeling from the view of load aggregators is
used for balancing power and load dispatching. For multiple
types of devices, it is difficult to accurately describe all phys‐
ical models due to the heterogeneity of device types and fac‐
tory parameters [32]. From the view of aggregators, the
physical load models mainly include two types: electrova‐
lence-response model and excitation-response model [30].
The detailed models are presented as follows [33].
1) Electrovalence-response Model

Electricity price is a flexible response mechanism.
Through economic leverage, various types of flexible loads
are urged to change their electricity consumption behavior
so as to participate in the interaction. With the change of
electricity price, the change of electricity demand can be in
the following two ways. Part of the load cannot be trans‐
ferred to other time periods (for example, lighting load), and
this part of the load can only be “yes” or “no”. Therefore,
this type of load is only sensitive in a single period, called
“self-elastic demand” and its elasticity value is negative.
Part of the load can be transferred from the peak period to
the off-peak period or the trough period. This kind of load
has multi-period sensitivity, which is called “cross elastic de‐
mand”, and its elasticity value is positive.

To simplify the calculation, the electricity-price-type loads
in this paper all refer to the electricity-price-type loads with
self-elastic demand.

The response model of electricity-price-type-load Pi1 can
be characterized as:

Pi1 =Pi0 + εii (ci - ci0 ) (1)

where i is the flexible load type; Pi0 is the initial power; εii

is the self-elasticity coefficient; ci is the actual electricity
price; and ci0 is the initial electricity price.

The interaction cost of invoking electricity-price-type
loads λ1 can be characterized by the change of electricity
sales revenue on the grid side as:

λ1 =
1
εii

P 2
i1 -Pi1( )1

εii
Pi0 - ci0 -Pi0ci0 (2)

2) Excitation-response Model
Excitation is also a flexible response mechanism. Typical

excitation loads include interruptible loads and direct loads.
Taking interruptible loads as an example, they participate in
power grid dispatching operation by signing contracts. The
content of the contract includes advance notice time, dura‐
tion, load dispatching capacity, discount rate, compensation
rate, etc.

The response model of the excitation load Pi2 can be char‐
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acterized as:

Pi2 =Pi0 +DPi (3)

where DPi is the load dispatching capacity.
When the user reduces or increases the load in response

to the incentive contract, the interaction cost of invoking the
incentive load can be represented by the change in the elec‐
tricity sales revenue on the grid side as:

λ2 = αci0DPi (4)

λ3 = (1 - β)ci0DPi (5)

where α is the discount rate; and β is the compensation rate.
On this basis, some data-driven technologies such as neu‐

ral network and support vector machine (SVM) are applied
to conduct the parameter updating and model correction. In
order to improve the accuracy and actual fit of the model,
the parameters of the generalized model are time-varying.
Based on historical data, key features are extracted to estab‐
lish standardized models and obtain the corresponding pa‐
rameters. With data accumulation, the load model and param‐
eters keep updating to finally meet the accuracy require‐
ments. The schematic diagram is presented in Fig. 5 [30].

Therefore, load dispatching needs to solve the basic mod‐
eling problems caused by the integration of massive flexible
resources, e.g., how to model massive heterogeneous resourc‐
es for dispatching behaviors, how to consider the decision-
making behaviors and dynamic processes of the responding
subjects with limited rationality and limited information to
effectively perceive the multi-dimensional response potential,
and how to protect the users’ privacy.

According to the information agreement between individu‐
al load users and load aggregators, the bidirectional data
transmission is carried out through bidirectional identifica‐
tion authentication policy. The whole process of data trans‐
mission is monitored through the active tracking and confir‐
mation strategy of information interaction state. The informa‐
tion of individual load users does not interact with the pow‐
er grid directly instead of the load aggregators. Load aggre‐
gators interact with load individuals according to power grid
instructions to ensure the privacy of load personal informa‐
tion.

The multi-dimensional load response potential with multi‐
ple goals of voltage dispatching, blockage elimination (such
as the surface and equipment overloads), peak dispatching,
and frequency modulation is dynamic. The users’ response

behaviors are affected by the response goals, response time,
response decision, and group behavior. They often exhibit
spatial heterogeneity and dynamic changes in time, which
gradually help attain the balance. To perceive the response
situation and accurately obtain the multi-dimensional re‐
sponse potential holographically for total information, it is
necessary to start from the dynamic response, aim at differ‐
ent response goals, analyze the continuous changes in re‐
sponse groups during different time periods, and continuous‐
ly adjust the model for response strategies.

With extensive studies conducted on the application of big
data technology, it is possible to directly analyze the target
association relationships using the large amount of result da‐
ta to obtain a generalized model, avoiding the deviation of
the physical model caused by the diversity of equipment and
users’ behaviors. Meanwhile, according to the data analysis
results, the users’ categorical characteristics can be traced in
a reversed manner, the load situation can be further ana‐
lyzed, and the generalization model can be revised. There‐
fore, the establishment of load models and user-behavior
analyses based on data-driven technologies are critical for
the load dispatching of the power grid in the new situation.
Therefore, the adaptive multi-scale generalization modeling
and the response potential evaluation of massive flexible het‐
erogeneous resources are the key modeling techniques.

C. Dispatching Framework

With the continuous increase in the generation of renew‐
able energy, the uncertain factors brought by intermittent en‐
ergies, represented by wind power and solar energy, have in‐
creased. Furthermore, the load exhibits random fluctuations.
These increase the uncertainty of the operation status of the
power grid [34]. More importantly, the capability of massive
dispatching resources is a more complex random variable.
Its response time, location, capability, and decision-making
are all random. Therefore, it is of great significance to con‐
sider the coordinated dispatching problem of controlling re‐
sources with multiple types and loads with multiple time se‐
quences, while utilizing the rapid response capabilities of
various loads, to formulate effective dispatching strategies to
satisfy the requirements of the safe operation of the power
grid.

In scenarios such as power grid peak-shaving, frequency
modulation, renewable energy consumption, and ancillary
services, power grid dispatching has different goals and con‐
straints on the dispatching speed, capacity, duration, and
even dispatching costs based on different scenarios. In re‐
sponse to the dispatching requirements in multiple scenarios,
the loads need to have a strong time domain and functional
complementarity and need to provide continuous dispatching
capabilities and demand matching groups that adapt to multi‐
ple scenarios, forming a navigational match between load
characteristics and power grid dispatching requirements.
These practical demands of load dispatching aim to partici‐
pate in balancing and adjusting supply and demand of power
grid and to create interactive and intelligent power grid.

In recent years, with the gradually mature technologies
such as big data analysis and mining, situational awareness,
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Accumulate AccumulateData Data

Generalized feature 
extraction model 

building initial setting
 of parameters 

Renew Renew

Parameter update
 model correction 

Time lapse

Fig. 5. Schematic diagram of load modeling correction and parameter up‐
dating based on data-driven technologies.
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and artificial intelligence, an increasing number of effective
processing methods have been provided for the collection,
perception, and control of large amounts of interactive infor‐
mation required for load dispatching. Among them, data min‐
ing and artificial intelligence can mine and extract the effec‐
tive feature information in the load data, providing a refer‐
ence for the determination of important parameters of the
generalization model and avoiding the redundant impacts of
a large amount of data. In addition, situational awareness,
analyses, and deduction technology can deeply analyze the
potential coupling relationships and usage correlation charac‐
teristics between multiple users and devices [35]-[37]. Quan‐
tified loads can control the potential space, which lays the
foundation for the development direction of precise, intelli‐
gent, and practical load control.

D. Communication Protection

The load dispatching platform is a supporting platform de‐
ployed to adapt to the participation of adjustable load re‐
sources in the control business. It is a part of the D5000 sys‐
tem, through which it extends to the Internet. It is mainly po‐
sitioned as a gathering and processing center for load re‐
source information. It undertakes and analyzes information
using traditional automation systems, along with on-demand
interaction among monitoring, control, and market data in
various systems. It supports the adjustable load resources to
participate in the control business, without affecting the tradi‐
tional business structure of the existing production control. It
includes the functions such as basic platform, data collec‐
tion, processing and verification, model data storage, ancil‐
lary analysis and decision-making, instruction forwarding,
control performance evaluation, and visual display.

In the new scenario, the network used by the load dis‐
patching platform is extended from the original dispatching
data network to the Internet, which is from point-to-point
control to multi-level collaborative control. The transparent
sharing of power grid information is achieved, making the
information security issues faced by the technical support
system of the power grid dispatching more complicated and
severe. There are illegal visits from both outside the system
and legitimate users in the system. During the process, com‐
munication delays, packet loss, and other situations may also
occur. The network and response characteristics are inconsis‐
tent, and the differences are relatively large [31]. Ensuring
the effectiveness and safety of control has recently become a
topic of interest.

The first problem is the communication network architec‐
ture. Since the nodes of the system need to cooperate closely
and collaborate to complete the users’ tasks, the communica‐
tion overhead between nodes is high. Higher requirements
are placed on the load-carrying capacity of the communica‐
tion network. Secondly, it is necessary to establish an effi‐
cient, safe, and reliable communication mechanism for the
dispatching system platform. High-speed data transmission
in wide-area network (WAN) broadband is susceptible to in‐
terference, which has a high bit error rate and reduces the
utilization of bandwidth resources. Therefore, it is necessary
to investigate the reliable high-speed data transmission tech‐

nologies. Thirdly, on the basis of reliable communication, it
is necessary to ensure real-time data communication between
the dispatching system platform and the applications, and
among applications themselves. Therefore, it is necessary to
study the protocols and models of message bus and service
bus suitable for the environment for a wide area, to meet the
real-time and security requirements of the system.

As for the cyber-security issue, there are two methods to
solve the problem of network security. In terms of load re‐
source access, the hardware can guarantee the system securi‐
ty to use special firewall, physical isolation device, logical
isolation device, and other physical network isolation hard‐
ware, and realize one-way data access among the production
control area, management information area, and Internet ar‐
ea. For software, it ensures the security of information net‐
work by means of user authority control, digital certificate
authentication, data encryption, and other technical methods.
When load aggregator is connected, two-way identity authen‐
tication is required first. The data exchange channel can be
established only when the identities of both parties are au‐
thenticated. During data interaction, secure socket layer
(SSL)/transport layer security (TLS) protocols based on
asymmetric encryption algorithms are used to encrypt data.
The encrypted data are sent separately from the key, prevent‐
ing the transmission from being eavesdropped or tampered.
Therefore, it ensures the integrity and security of the trans‐
mitted content. In terms of load dispatching instructions,
blockchain technology is introduced into the control of load-
side resources. The non-modifiable and non-replicable char‐
acteristics of blockchain are combined with the high security
and reliability requirements of load dispatching instructions.
It prevents the issuing of untrusted source dispatching in‐
structions or the tampering by unauthorized users to ensure
the safe transmission of load dispatching instructions and in‐
formation confidentiality.

IV. PRACTICAL APPLICATION OF LOAD DISPATCHING

A. Practice Scheme

Under the strategic guidance of “reaching carbon emission
peak and carbon neutrality”, the proportion of installed ca‐
pacity of renewable energy continues to increase. The total
installed capacity of heating machines in the North China
Power Grid during the heating period of 2019-2020 was
182.89 GW, accounting for 73% of the installed capacity of
thermal power, an increase of approximately 2%. The total
installed capacity of heating machines in the Beijing–Tian‐
jin – Tangshan power grid was 51.37 GW, accounting for
77% of the installed capacity of thermal power, an increase
of approximately 2%. The increase in the proportion of heat‐
ing units reduces the peak-shaving capacity of the units and
compresses the space for renewable energy consumption.
During the difficult period of renewable energy consump‐
tion, the minimum average power generation load rate of the
Beijing–Tianjin–Tangshan power grid reached 50.92%, the
average power generation load rate during the night trough
period reached 59.99%, and that in the afternoon trough peri‐
od reached 60.93%. Peak-shaving resources are clearly insuf‐
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ficient. There is an urgent need to find out various adjust‐
able resources for peak-shaving.

By taking advantage of and guiding the characteristics of
“flexible time of electricity consumption, guidable electricity
usage behavior, predictable electricity usage patterns, and in‐
telligent electricity usage methods” of these resources and in‐
corporating them into power grid optimization control, up to
4 GW of dispatching resources will be added to the Beijing
–Tianjin–Tangshan power grid.

By deploying a load dispatching platform and expanding
the multi-coordinated control function of the source network
load and storage, North China Power Grid has successively
achieved the resource access of a total of six load subjects
(electric vehicles, distributed energy storage, virtual power
plants, electric heating, vehicle-to-grid (V2G), etc.) in three
aggregators. The network access of load dispatching plat‐
form is shown in Fig. 6. Resource access with companies
such as State Grid Comprehensive Energy Service Group
Co., Ltd. and China Tower Co., Ltd. is underway.

On May 21, 2019, the D5000 system of North China Pow‐
er Grid firstly achieved interconnection with the operation
platform of the State Grid Electric Vehicle Company. On
May 31, 2019, through AGC, the charging power of a single
electric vehicle was adjusted. On June 18, 2019, 168 hours
of joint real-time control of charging and discharging power
of electric vehicles and distributed energy storage clusters
were achieved. On November 23, 2019, the continuous ad‐
justment of the thermal load power of the Zhangjiakou
Dongyuan Thermal Power Plant Boiler of China was
achieved under the management and control platform of the
North Hebei Virtual Power Plant of China. On April 14,
2020, the two-way power AGC control of electric vehicles
was achieved for the first time through V2G charging piles.

The peak-shaving auxiliary service market in North China
Power Grid has access to 2651 charging/changing stations in‐
dependently operated by the third parties and a total of
27006 charging piles through the multi-coordinated schedul‐
ing and control platform of generation, network, load, and

storage. In April, the number of modified V2G charging
piles made the breakthrough from 0 to 1. There are 6 distrib‐
uted energy storage power stations and 5 types of loads,
such as large industrial load and regenerative electric heat‐
ing, with a total resource of 266 MW and peak-regulating
power of about 40 MW. Taking the 168-hour test on June
18, 2019 as an example, the North China Power Grid per‐
formed power optimization and closed-loop control on elec‐
tric vehicle clusters and distributed energy storage clusters
for seven consecutive days. Before optimization, electric ve‐
hicle clusters had the smallest charging load at the most dif‐
ficult peak-shaving time at night. The load trend was oppo‐
site to the demand for peak-shaving by the power grid. Al‐
though distributed energy storage is charged during the low
trough at night and discharges in the morning and evening
during the peak, there is still a large room for optimization
in terms of charging and discharging periods and power tar‐
gets. During the closed-loop period, the two types of aggre‐
gated resources were put into the controlled mode by AGC
in North China Power Grid. During the control period, the
command tracking situation was relatively good, reflecting
the high-quality adjustment performance of load resources,
as shown in Appendix A Fig. A1.

B. Application Effectiveness

Through the implementation of the proposed technical
framework for adjustable load resources to participate in
power grid dispatching control, the aggregator declared infor‐
mation such as the capacity of the aggregated resources, ac‐
tual controllable upper and lower limits, and state of charge
of battery. Two new control objects, electric vehicles and dis‐
tributed energy storage, were added to the D5000 system of
North China Power Grid. Combining with the day-ahead
load prediction and peak-trough characteristics of the Beijing
–Tianjin–Tangshan power grid, the load resources were in‐
cluded in the conventional dispatching resource pool for the
optimization and formulation of ideal charging-discharging
curves. For the first time in China, North China Power Grid
achieved continuous power adjustment of load resources
through AGC at the dispatching end. A continuous increase
in the charging power of electric vehicles and distributed en‐
ergy storage during the load trough period in the early morn‐
ing was achieved. Furthermore, the discharging power of dis‐
tributed energy storage increased continuously and dynami‐
cally during morning and evening peak hours (see Appendix
A Fig. A2). On the premise of equipment safety and meeting
the users’ experience, power adjustment synchronized with
the day-ahead predicted peak-shaving demand was achieved.

The practice projects also have great effects in partial-area
power grid. ① Electric vehicles can participate in the peak-
shaving. The bus station in Tianjin Dongli Development
Zone is taken as an example. From 01:00-04:00 am on De‐
cember 18, 2019, the average power during peak load was
around 1400 kW, while the historical average power was ba‐
sically 0. ② The target output of State Grid Electric Vehicle
Company charging pile was 46.97 MW, while the actual out‐
put was 41.32 MW. The target output of controllable load of
Northern Hebei was 7 MW and the actual output was 7.1
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MW. The tracking errors were within the acceptable toler‐
ance. ③ During the pilot period, from December 12, 2019
to April 30, 2019, the system run smoothly, the network was
safe and reliable, the market operated well, the settlement
was timely and accurate, and the information release was
open and transparent, which has been fully recognized by all
market entities. The third independent entity received 2.68
million yuan in peak-adjustment revenue, promoting new en‐
ergy consumption of 19.53 GWh.

This practice has achieved real-time connection and data
sharing between the dispatching automation system and the
operation system of load aggregators for the first time in
China, breaking through barriers on multiple levels and
achieving the power aggregation perception and monitoring
of electric vehicles and distributed energy storage. By incor‐
porating adjustable load resources into the AGC scope, pow‐
er optimization and closed-loop response based on the day-
ahead load prediction have been achieved, showing that it is
technically feasible for various adjustable load resources to
participate in power grid dispatching. Based on the 168-hour
test, the technical architecture and key technologies have suc‐
cessively supported multiple third-party load subjects for par‐
ticipating in the peak-shaving ancillary service market in
North China Power Grid.

V. FUTURE PROSPECT AND CONCLUSION

At present, the number of electric vehicles in China ex‐
ceeds 2 million and it will reach 80 million in 2030. It is es‐
timated that by 2025 and 2030, the installed capacity of user-
side energy storage will reach 8 GW and 15 GW, respective‐
ly. The technical framework and several technologies men‐
tioned in this paper can be extended to the scenarios where
electric vehicles, distributed energy storage, air conditioning,
and electric heating in buildings, industrial parks and other
adjustable loads participate in business dispatching in the
form of aggregation. More high-quality load-side dispatching
resources can be gathered for the power grid.

However, it is necessary to note that there are still many
technical problems that need to be addressed to fully achieve
the real-time responses to power grid instructions. This can
be achieved by using adjustable load resources and including
them in flexible adjustments to achieve the real load dis‐
patching control with multiple coordinated source network
loads and storage. Through continuous research and explora‐
tion, large-scale real-time measurable and controllable adjust‐
able load resources can be achieved.

1) In terms of device performance, the precision and real-
time performance of the current power data collection of ad‐
justable load resources are still far from meeting the require‐
ments of dispatching services. It is necessary to continue to
improve the technical levels of load terminal equipment, in‐
crease the transformation of the collection and control perfor‐
mance of the devices, increase the real-time data upload fre‐
quency and response following capability, expand the num‐
ber of load resources that can participate in real-time con‐
trol, and increase the investment and construction of load ter‐
minals with strong adjustment capabilities such as V2G and
orderly charging piles.

2) As for the dispatching level, the coordination of the
control strategies of adjustable load resources and traditional
dispatching resources for participating in power grid peak-
shaving, frequency modulation, and event handling scenarios
in a day or a day ahead need to be further studied to find
reasonable methods for evaluating whether the overall adjust‐
able load resources respond to the dispatching command,
evaluate their true contributions to the dispatching of the
power grid, and eliminate the vacant individuals hidden in
the load group. Moreover, the applications of the load dis‐
patching platform must be further improved, perfected, and
enriched.

3) As for the aggregator level, the issue is to investigate
the accurate rolling calculation of the security domain of
controllable power for a large number of load users and the
statuses of equipment within the operation platform. Further,
different optimal strategies should be adopted to maximize
the adjustment space of distributed load resources according
to the characteristics of different resources. Compared with
the data in the main grid, it is difficult to distinguish the de‐
viation of load-side power data. It is necessary to further
study the audit technology for the load-side data to avoid the
interference of unintentional or malicious false and wrong
data on the dispatching and market operations. The data con‐
nection between dispatching and marketing agencies should
be expanded. The data fraud and distortion problems should
be identified by comparing the power integral amount and
marketing power amount data.

4) In terms of interruptible loads, it needs further research
to optimize and transform the current demand response and
dispatching precision load-shedding systems (for example, in
Shandong and Jiangsu provinces). In addition, the resource
advantages of the existing systems should be exploited and
the management and control capabilities of the system plat‐
form should be expanded to incorporate it into the overall
technical architecture in this paper. The “interruptible” attri‐
bute of a large number of loads gathered in this part of the
system should be transformed into an “adjustable” attribute
and upgraded from “precise shedding” to “precise adjust‐
ment”. In this way, the full potential of load-side dispatching
can be realized.

It is important to establish a load dispatching control mod‐
el that serves the multi-coordination of source, grid, load,
and storage for fully utilizing the role of the service hub of
the energy network, expanding the global perception and the
control capabilities of power grid dispatching, and improv‐
ing the level of clean energy consumption. Improving the
load control capacity can fully drive the joint development
of the entire industrial chain from dispatching to the load
sides and promote the “new infrastructure” related business
development and model innovation such as charging piles of
electric vehicles.

This architecture will promote the dispatching model trans‐
formation from the traditional model of “source moves with
load” to “source-grid-load-storage coordinated interaction”,
facilitate the development of the integrated energy industrial
chain and fully serve the national strategy of “reaching car‐
bon emission peak and carbon neutrality” and the construc‐
tion of new power systems.

325



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 2, March 2022

APPENDIX A

REFERENCES

[1] National Energy Administration. (2021, Mar.). Formulate more active
new energy development goals and accelerate the promotion of carbon
peaking and carbon neutrality. [Online]. Available: http://www.nea.gov.
cn/2021-03/09/c_139797449.htm

[2] State Grid News. (2021, Mar.). State Grid Corporation of China issued
the action plan of carbon peak and carbon neutrality. [Online]. Avail‐
able: http://www. sasac. gov. cn/n2588025/n2588124/c17342704/content.
html

[3] Z. Huang and X. Xie, “Energy revolution under vision of carbon neu‐
trality,” Bulletin of Chinese Academy of Sciences, vol. 36, no. 9, pp.
1010-3271, Aug. 2021.

[4] J. Guo. (2021, Sept.). Building a new power system is an effective
way to realize energy transformation and achieve the goal of double
carbon. [Online]. Available: https://shupeidian. bjx. com. cn/html/
20210907/1175427.shtml

[5] J. Yao, S. Yang, and M. Shan, “Reflections on operation supporting
system architecture for future interconnected power grid,” Automation
of Electric Power Systems, vol. 37, no. 21, pp. 52-59, Nov. 2013.

[6] H. Sun, H. Ding, and X. Wu, “Research and application of multi-ener‐
gy coordinated control of generation, network, load and storage,”
Transactions of China Electrotechnical Society, vol. 36, no. 15, pp.
3264-3271, Aug. 2021.

[7] Y. Sun, S. Huang, Z. Li et al., “Joint control strategy of heterogeneous
temperature control load considering time domain characteristics,”
Power System Technology, vol. 44, no. 12, pp. 4722-4734, Dec. 2020.

[8] Y. Shu, Z. Zhang, J. Guo et al., “Study on key factors and solution of
renewable energy accommodation,” Proceedings of the CSEE, vol. 37,
no. 1, pp. 1-9, Jan. 2017.

[9] S. Debbarma and A. Dutta, “Utilizing electric vehicles for LFC in re‐
structured power systems using fractional order controller,” IEEE
Transactions on Smart Grid, vol. 8, no. 6, pp. 2554-2564, Aug. 2017.

[10] H. Sun, P. Xu, B. Shan et al., “Road map for ‘internet plus’ energy
substitution in electricity retail market reform in China,” Power Sys‐
tem Technology, vol. 40, no. 12, pp. 3648-3654, Dec. 2016.

[11] Q. Xu, Y. Di, Q. Yan et al., “Research on evaluation of scheduling po‐
tentials and values on large consumers,” Proceedings of the CSEE,
vol. 37, no. 23, pp. 6791-6800, Dec. 2017.

[12] H. Sun, H. Ding, and X. Wu, “An evaluation of the HVAC load poten‐
tial for providing load balancing service,” IEEE Transactions on
Smart Grid, vol. 3, no. 3, pp. 1263-1270, Aug. 2012.

[13] Y. Li, J. Yao, T. Yong et al., “Estimation approach to aggregated pow‐
er and response potential of residential thermostatically controlled
loads,” Proceedings of the CSEE, vol. 37, no. 19, pp. 5519-5528, Oct.
2017.

[14] H. Sun, H. Ding, and X. Wu, “Model predictive control of aggregated
heterogeneous second-order thermostatically controlled loads for ancil‐
lary services,” IEEE Transactions on Power Systems, vol. 31, no. 3,
pp. 1963-19711, Aug. 2016.

[15] Y. Sun, Z. Li, D. Liu et al., “An optimization control strategy for intel‐
ligent UFLS using dynamically aggregated controllable loads,” Pro‐
ceedings of the CSEE, vol. 38, no. 7, pp. 1913-1921, Apr. 2018.

[16] H. Xu, “Structured design and application of power dispatching univer‐
sal data object for dispatching and control cloud,” Power System Tech‐
nology, vol. 42, no. 7, pp. 2248-2254, Jul. 2018.

[17] Y. Zhang, W. Wu, Z. Li et al., “Hierarchical load shedding method
considering influence of distributed generators,” Power System Tech‐
nology, vol. 43, no. 3, pp. 998-1005, Mar. 2019.

[18] Y. Sun, C. Zhang, Z. Li et al., “Flexible load multi-power level con‐
trol strategy taking into account the differentiated PMV of multi-re‐
gion users,” Proceedings of the CSEE, vol. 41, no. 22, pp. 7574-7587,
Nov. 2021.

[19] Y. Liu, C. Jing, R. Liu et al., “Research on reliability unit commit‐
ment mechanism in American electricity day-ahead market,” Industry
Application, vol. 43, no. 4, pp. 115-118, Apr. 2021.

[20] A. Li, L. Liu, H. Chen et al., “Transmission expansion planning test
system considering transmission and distribution coordination with in‐
tegration of high proportion of renewable energy,” Automation of Elec‐
tric Power Systems, vol. 45, pp. 19-27, Jun. 2021.

[21] G. Zhang, S. Tan, and G. Wang, “Real-time smart charging of electric
vehicles for demand charge reduction at non-residential sites,” IEEE
Transactions on Smart Grid, vol. 9, no. 5, pp. 4027-4037, Sept. 2018.

[22] Q. Hu, H. Ding, X. Chen et al., “Analysis on rotating power outage in
California, USA in 2020 and its enlightenment to power grid of Chi‐
na,” Automation of Electric Power Systems, vol. 44, pp. 11-18, Dec.
2020.

[23] K. Xie, “Case study on operation and supervision of American electric‐
ity market,” Power Supply and Distribution, vol. 34, p. 90, Jul. 2017.

[24] B. Wang, B. Ye, L. Zhu et al., “Practice and exploration of China’s
power demand response in electricity market,” Power Demand Side
Management, vol. 23, no. 27, pp. 91-95, May 2021.

[25] S. Mhanna, A. C. Chapman, and G. Verbic, “A distributed algorithm
for demand response with mixed-integer variables,” IEEE Transac‐
tions on Smart Grid, vol. 7, no. 3, pp. 1754-1755, May 2016.

[26] D. Ellman and Y. Xiao, “Incentives to manipulate demand response
baselines with uncertain event schedules,” IEEE Transactions on
Smart Grid, vol. 12, no. 2, pp. 1358-1369, Mar. 2021.

[27] W. Sun, X. Liu, W. Xiang et al., “Master-slave game based optimal
pricing strategy for load aggregator in day-ahead electricity market,”
Automation of Electric Power Systems, vol. 45, no. 7, pp.159-167, Jan.
2021.

[28] J. Ning, C. Jiang, Z. Zhang et al., “Thinking and technical practice of
adjustable load resources participating in dispatching and control of
power grid,” Automation of Electric Power Systems, vol. 44, no. 17,
pp. 1-8, Sept. 2020.

[29] M. Liu and S. Yang, “Model predictive control of aggregated heteroge‐
neous second-order thermostatically controlled loads for ancillary ser‐
vices,” IEEE Transactions on Power Systems, vol. 31, no. 3, pp. 1-9,
May 2016.

[30] Y. Sun, Z. Li, P. Xu et al., “Research on key technologies and devel‐
opment direction of heterogeneous flexible load modeling and dis‐
patching,” Proceedings of the CSEE, vol. 39, no. 24, pp. 7146-7158,
Dec. 2019.

[31] X. Zhou, Z. Lu, Y. Liu et al., “Development models and key technolo‐
gies of future grid in China,” Proceedings of the CSEE, vol. 34, no.
29, pp. 4999-5008, Oct. 2014.

[32] Y. Li, J. Zhou, P. Lu et al., “Quantitative assessment method for inter‐
active impact of flexible load,” Automation of Electric Power Systems,
vol. 39, no. 17, pp. 26-32, Sept. 2015.

[33] K. Wang, J. Yao, L. Yao et al., “Survey of research on flexible loads
scheduling technologies,” Automation of Electric Power Systems, vol.
38, no. 20, pp. 127-135, Oct. 2014.

[34] D. Zhang, X. Miao, L. Liu et al., “Research on development strategy
for smart grid big data,” Proceedings of the CSEE, vol. 35, no. 1, pp.
2-12, Jan. 2015

[35] S. Wang, D. Liang, and L. Ge, “Key technologies of situation aware‐
ness and orientation for smart distribution systems,” Automation of
Electric Power Systems, vol. 40, no. 12, pp. 2-8, Jun. 2016.

[36] P. Xu, Y. Sun, M. Shi et al., “Load situation awareness: concept,
framework and key technologies,” Proceedings of the CSEE, vol. 38,
no. 10, pp. 2918-2926, May 2018.

[37] P. Yang, H. Cai, H. Qiu et al., “Research on key technologies of big
data for energy interconnection,” Electric Power Information and
Communication Technology, vol. 14, no. 4, pp. 9-12, Apr. 2016.

0.003

0.006

0.009

01:00 01:30 02:00
Time

-0.040

-0.020

0

01:00 01:30 02:00
Time

Target
Actual

Target
Actual

Po
w

er
 (M

W
)

Po
w

er
 (M

W
)

(a) (b)

Fig. A1. AGC responses of electric vehicles and distributed energy storage
control test. (a) Electric vehicles. (b) Distributed energy storage.
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