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Abstract—The rapidly increasing renewable energy sources 
(RESs) in the power system bring a large number of 
disturbances due to the intermittent and random characteristics 
of power generation. At the same time, most of the RES units 
are composed of power electronic devices, which can reduce the 
system inertia and impact the stable operation of the power 
system. Therefore, more operating reserve resources are 
required to participate in the rapid regulation in the power 
system with a high proportion of RES. The rapid development 
of information and communication technologies make it easier 
and lower cost to control flexible loads. Based on the new 
network resources, for example, 5G, flexible loads can be 
regulated rapidly to participate in power system frequency 
control. In this paper, the models, categories, and functions of 
typical flexible loads are analyzed. Then, the research status of 
various flexible loads for participating in frequency regulation 
(FR) is combed in detail. On this basis, the advantages and 
disadvantages of various load control methods and their 
application scenarios are discussed. Finally, the development 
prospects of flexible loads for FR are proposed, so as to provide 
references for practical application. 
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I. INTRODUCTION 

Frequency is an important index to reveal the balance 
between supply and demand of the active power in the power 
system. With the increasingly serious environmental problems 
and the depletion of fossil energy, many countries are actively 
promoting the transformation of electric energy, gradually 
using renewable energy sources (RESs) instead of fossil fuels 
for power generation. For example, the cumulative installed 
capacity of wind power and photovoltaic in China have 
increased to 184GW and 174GW by 2018, respectively [1]. 
However, the intermittent and random RESs can bring a lot of 
challenges to the power system. The output of RESs is not 
stable enough since they are greatly affected by the weather. 
Besides, the inertia of the power system is reduced because of 
the increase in the penetration rate of RESs. These factors will 
cause fluctuations of the power system frequency, thus 
affecting power quality and power system stability. 

At present, the FR of the power system mainly depends on 
adjusting the active power output of the conventional thermal 
power plants through the automatic generation control system. 
However, conventional FR methods are difficult to meet the 
system requirement, with the decreasing proportion of thermal 
power plants and the increasing electricity consumption. In 
addition, these conventional methods also lead to the increase 
of operation cost and environmental pollution, because these 

plants cannot be maintained at the most economical operating 
point.  

With the progress of communication technologies, smart 
controllers and the measuring devices, power system 
frequency can be regulated by adjusting operating power of 
demand-side flexible load sources, such as electric vehicles 
(EVs), constant temperature control loads (TCLs), energy 
storage systems (ESSs). According to the statistics, during the 
peak period of summer loads in China, as the most common 
TCL, air-conditionings (ACs) have accounted for around 
30~40% of peak loads, even 50% in Shanghai and Beijing [2]. 
Therefore, flexible loads, can become an potential alternative 
to traditional rotating reserve to participate in FR.  

II. FLEXIBLE LOADS PARTICIPATE IN FR 

A. Overview of flexible loads 

The operating power of flexible loads can be adjusted to 
interact with the power system by participating in regulating. 
There are three common ways to classify flexible loads: 
according to energy interaction, management mode, or load 
characteristics [3], [4], as shown in TABLE I. 

TABLE I.  FLEXIBLE LOADS CLASSIFICATION 

Classification Category Typical loads 

Energy interaction 

with the power 

system 

Two-way interaction ESS, EV, etc. 

One-way interaction TCL, lights, etc. 

Management 

mode 

Shiftable Loads 

Loads that can be 

transferred from one time 

to another 

Interruptible loads 

Loads that can reduce 

demand during peak 

period 

Load 

characteristics 

Industrial loads 
Electric furnace in 

steelmaking plants 

Business loads Central Air-Conditionings 

Household loads TCL etc. 

Flexible loads have the characteristics of wide distribution, 
large number, independence and dispersion, which exist in 
each node of the power system. Although the single flexible 
load is not large, they can be integrated as large-capacity 
backup power sources, considering the large number of users. 
In addition, flexible loads have small inertia constant and fast 
response, which means they have obvious advantages as 
rotating reserve in FR. On the contrary, it is difficult for 



conventional generators to change their output power and 
cannot serve as a good reserve[5]. Flexible loads can greatly 
reduce energy consumption and pollution by replacing the 
generator in FR. Therefore, the cost of standby generator units 
for FR can be reduced and the economic benefits of system 
operation can be improved. At the same time, fast FR by 
flexible loads can improve the stability of the system and 
ensure the safe operation of the system. 

B. Overview of Research on Flexible Loads  

The concept of FR by flexible loads was first used by 
Schweppe in 1980 based on the biological term "dynamic 
balance". In their research, a dynamic balance application 
control was proposed, aiming to keep the system frequency in 
a stable state through "load tracking supply", which is named 
frequency adaptive power energy reschedualer (FAPER) [6].  

The Grid Friendly Appliance™ controllers, developed by 
the Pacific Northwest National Laboratory (PNNL), can turn 
household loads off for seconds or even minutes when the 
system frequency fluctuates to stabilize the grid, by installed 
computer chips. Another distributed load controller for 
autonomous renewable energy system is proposed in [7], [8]. 
It uses frequency and frequency change rate as the input of 
fuzzy logic load control system. It is tested in an island power 
system with a small amount of water and heat loads. Patent [9] 
designed a more complex FAPER, whose control behavior is 
adjusted by the size of the detected frequency deviation and 
has been tested in Italy and the UK. 

1) EVs  

Because of policy incentives and technology maturity, the 
number of EVs will grow explosively in the future. It is 
estimated  that the annual production of EVs will exceed 100 
million by 2050 [10]. Reference [11] proposes  the integrated 
load control scheme of the power system by combining EVs 
with distributed generation. The model of real-time charging 
scheduling problem for EV loads is established in [12]. Using 
the concept of global scheduling algorithm and the earliest 
deadline priority strategy, a real-time scheduling algorithm is 
proposed, which can alleviate the power system pressure and 
meet the charging requirements of users. 

2) ESSs  

ESS is the key component of smart grid in the future. 
Reference [13]–[16] carry out several simulations to evaluate 
its performance from many aspects, such as the speed and 
effect of ESS participating in FR, and to verify its feasibility 
and the necessity for practical application. Based on the 
virtual inertial control and the droop control, an adaptive 
comprehensive FR control strategy is proposed in [17] by 
analyzing the dynamic characteristics of ESS participating in 
primary frequency regulation,  which can follow the change 
of state of charge and the dynamic adjustment of maximum 
frequency deviation. 

3) TCLs  

TCL has great application potential because of accounting 
for the largest proportion of residents' controllable load. It 
mainly includes heating, ventilation, air-conditioning loads, 
electric water heater loads and refrigerator loads. Reference 
[18] proposed a quantitative operating reserve capacity 

（ORC）  evaluation method for large-scale aggregated 

heterogeneous TCLs without sufficient measurement data. A 
TCL model based on consumer behavior is proposed and 

probability density estimation methods are used to evaluate 
OCR. A novel control strategy for the aggregation model of 
ACs is proposed in [19], and a series of indexes are proposed 
to evaluate the operating reserve performance provided by 
ACs. In[20], a partial differential equation  physics-based 
model is developed to capture the detailed temperature 
profiles at different tank locations, which is compared with 
the one-mass and two-mass models, and shows better 
performance in capturing water thermal dynamics for 
benchmark testing purposes. A decentralized controller is 
proposed in [21], which adjusts the temperature setting value 
of the refrigerator and controls its power consumption 
according to the change of frequency deviation. Reference 
[22] develops a dynamic decentralized controller to change 
the total power consumption of the refrigerator to make it 
linear with the frequency change, and its effectiveness is 
proved by simulations. 

III. CONTROL MODE OF FR OF FLEXIBLE LOADS 

According to the different control modes of flexible loads 
on the demand side for frequency regulation, load control 
methods can be divided into three categories, including 
centralized control, distributed control and decentralized 
control. 

A. Centralized control 

The centralized control system [23]–[25] generally 
includes one control center, the load control communication 
channel and many load control terminals. When the 
frequency of the power system deviates from the normal 
value, the control center determines loads to be controlled 
according to the deviation value, and then sends control 
signals to the load control terminals through the control 
communication channel to changing operating power of these 
loads, as shown in Fig. 1.  

 

Fig. 1. Centralized control system. 

In this mode, all selected flexible loads can be directly 
regulated by the control center to reduce the response 
uncertainty of the controllable units. Better load coordination 
and higher frequency regulation accuracy can be realized. 
However, it is obvious that the difficulty of the optimization 
solution for the control center and the communication pressure 
between the control center and loads will also increase greatly, 
with a large number of aggregated loads. Therefore, 
centralized control mode cannot be well applied in large-scale 
flexible load control. 

B. Distributed control 

Distributed control mode [26]–[29], also known as 
hierarchical control mode, has one control center with many 
load aggregators. All flexible loads are divided into several 
control areas, and each area has its own load management 
organization i.e. load aggregators. There is a communication 
channel between the control center and each load aggregator. 



Another communication channel exists between load 
aggregators and response loads, as shown in Fig. 2. 

 

Fig. 2. Distributed control system. 

There are obvious primary and secondary modules in the 
distributed control mode, and the control center has the right 
to directly control the load aggregator level in the dispatching, 
while the load aggregators can control very load individual. 
On the one hand, the load aggregators need to count and 
upload the state information of the loads to the control center 
for decision-making. On the other hand, it can selectively 
control loads according to their state after receiving the 
dispatching instruction. Distributed control mode can 
simultaneously optimize power generation resources and load 
resources as the centralized control mode. Meanwhile, this 
mode can overcome the disadvantage that too many loads 
have to takes up too much computing resources.  

C. Decentralized control 

Distributed control mode [30]–[33] only has load 
controllers without control center and communication 
channel. The controller is installed between the socket and the 
response load, which can measure the system frequency, as 
shown in Fig. 3. When the system frequency measured by the 
controller exceeds the set value, operating power or 
open/close state of loads can be changed automatically 
according to the control strategy in the controller. In the 
process, there is no communication with other devices, and the 
dispatching center of the power system cannot know the state 
of these loads.  

This mode can speed up the response speed and save the 
construction cost of communication channel, because of no 
communication channel. However, all response loads only 
consider their own state without coordinating with each other, 
due to the absence of communication. At the same time, this 
mode may lead to overshoot and oscillation of FR, which  can 
be solved by optimizing control strategies and parameters.  

 

Fig. 3. Decentralized control system. 

IV. DEVELOPMENT PROSPECT 

From the above discussion and analysis, it can be seen 
that flexible loads participating in the FR has a relatively 
complete implementation method at the technical level. 
Nevertheless, there is still room for improvement in the 
technical and policy fields. 

• In 2019, the State Grid Corporation made a strategic 
plan to comprehensively promote the construction of 
"Three Types and Two Networks" and speed up the 
construction of world-class energy internet enterprises 
with global competitiveness, among which the 
construction of Ubiquitous Power Internet of Things 
(UPIoT) is a key point. The development of UPIoT 
will bring more electric meters and controllers into the 
scope of monitoring and management. That means 
more flexible loads can be controlled and participate in 
the FR of the power system, which can increase the 
reserve capacity of FR. 

• Since the Central Government issued document [2015] 
No. 9 in 2015, China's power market reform has been 
deepening. The power market mechanism has been 
continuously improved, and the demand response (DR) 
has also developed. Price-based DR allows consumers 
to directly face time-based (or space-based) price 
signals and independently make arrangements and 
adjustments in the time and mode of electricity 
consumption. Incentive-based DR is to directly use 
rewards to motivate and guide users to participate in 
load reduction projects [34]. The incentive funds and 
the reduction of electricity payments encourage users 
to actively participate in DR. Therefore, the further 
deepening of power market reform will promote the 
increase of flexible loads in the power system. 

• Since 5G network started the commercial road in 
China in 2019, the Ministry of Industry and 
Information Technology has put forward a series of 
plans to promote 5G in the industrial sector. The 
application of 5G or higher communication technology 
in the field of flexible loads management and control 
can effectively shorten the communication time 
between the loads and the load aggregators or control 
center. Besides, high reliability, robust security, low 
power consumption, and massive number of 
connections can doubtless provide better infrastructure 
for flexible loads control [35]. For example, 5G-based 
fog computing and cloud computing are proposed to 
connect massive numbers of EVs to provide ancillary 
services for the power system within milliseconds in 
[36].  

V. SUMMARY 

This paper summarizes the FR of the power system 
considering flexible loads. First, the existing research on the 
FR by EV loads, ESS loads and TCLs is summarized and 
analyzed. Besides, the advantages and disadvantages of three 
load control modes are introduced and studied respectively. 
At the technical level, a lot of research has proved that 
flexible loads participating in FR can quickly balance the 
power shortage, by their fast and strong FR capability, when 
there is power fluctuation in the power system. Therefore, it 
can improve the stability of the power system. At same time, 
flexible loads can reduce the number of rotating reserves in 
the power system, achieving the purpose of green 



environmental protection and saving operating costs. 
However, the commercial mechanism of the FR by flexible 
loads are incomplete. It is an unavoidable problem to attract 
flexible loads to participate in the FR by reasonable benefit 
distribution method. 

With the construction of the ubiquitous Internet of things 
and the improvement of the electricity market, more and more 
flexible loads can participate in operating and controlling of 
the power system. They can play a great role in the safe and 
stable operation of power system due to their advantages of 
speed and accuracy. 
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