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A B S T R A C T

With the increase of renewable energy sources in the power supply, the issues of balancing power supply
and demand are becoming severe. Demand response, by altering the demand-side load state, has been proven
as a good method to solve the supply and demand balance problem. Variable refrigerant flow system has
great potential in demand-side loads and is poised to become the mainstay of demand response. However,
the traditional temperature or compressor state control of variable refrigerant flow systems does not allow
for better power regulation for the power system. To address this problem, this paper proposes a power-
controllable variable refrigerant flow system with demand response flexibility value for power regulation. The
demand response flexibility value is designed as a subjective indicator to satisfy the heterogeneous customer
comfort requirement. The predictive mean vote as an objective indicator of customer comfort coordinates with
the demand response flexibility value. A fuzzy control strategy for variable refrigerant flow systems is designed
to balance power system requirements and customer comfort requirements. The experiment result demonstrates
that the power-controllable variable refrigerant flow system can provide power regulation service to the power
system with a maximum power regulation deviation of 3.67%. By guaranteeing consumer comfort, the higher
the flexibility value, the shorter the consumer’s participation time in demand response. The demand response
flexibility values can provide regulation configuration for demand response in practical engineering.
1. Introduction

1.1. Background and motivation

With global climate change, more countries are developing the
construction of renewable energy resources (RESs) [1]. However, RESs
have significant fluctuations and uncertainties which bring challenges
for large-scale RESs access to the power system [2]. The fluctuation
of RESs on the supply side will lead to the power supply and demand
imbalance in the power system [3]. To cope with this challenge, power
systems normally install operating reserves (e.g., thermal power units)
on the supply side [4]. With the increasing of RESs in power systems,
the operating reserves on the supply side are gradually hard to address
the fluctuations from RESs [5]. Therefore, coordinating demand-side
resources is important to address this challenge [6]. Demand re-
sponse is a control technology that balances supply and demand in
power systems by regulating demand-side load operating mode [7].
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E-mail address: hongxunhui@um.edu.mo (H. Hui).
1 These authors contribute equally to this work and should be considered co-first authors.

Demand-side loads include electric vehicles, energy storage systems,
and air conditioners, which can flexibly adjust operating modes to
provide power regulation services to power systems [8]. In all demand-
side loads, the air conditioner (AC), accounting for 50% of the total
demand-side loads, shows great potential in power regulation [9]. The
function of the ACs at home is to provide a comfortable temperature
environment for the customers [10]. The comfortable temperature
environment resulting from AC has a time lag and is not immediately
uncomfortable due to a change in the state of the AC [11]. Therefore,
AC can provide power regulation services to power systems without
affecting customer comfort [12]. With the development of the Internet
of Things technology, the power system operator can allow ACs to
participate in demand response through remote control [13]. In this
setting, enhancing the efficiency of AC control to balance the power
demands of power systems and customer comfort is crucial.
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data mining, AI training, and similar technologies. 
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Nomenclature

Abbreviation

AC Air Conditioner
DR Demand Response
ETP Equivalent Thermal Parameter
IAC Inverter Air Conditioner
PMV Predicted Mean Vote
RESs Renewable Energy Resources
VRFS Variable Refrigerant Flow System
Parameter

𝜅1 The operating power coefficients of the
VRFS

𝜅2 The cooling capacity coefficients of the
VRFS

𝑏1 The operating power coefficients of the
VRFS

𝑏2 The cooling capacity coefficients of the
VRFS

𝐶 Equivalent air heat capacity of the room
𝑅 Equivalent thermal resistance of the room

envelope
𝑓VRFS(𝑡) The operating frequency of VRFS at time 𝑡

Set

 The set of the VRFS
 The set of the fuzzy rule
Variable

𝓁𝑖 The DR flexibility value of outdoor unit 𝑖
𝑇r The mean radiant temperature
𝜌 The air density
𝑓cl The clothing surface area factor
𝑖 The VRFS number
𝑁 The total VRFS number
𝑝a The water vapor partial pressure
𝑃reg(𝑡) The regulation power of the total VRFS at

time 𝑡
𝑅𝑘 The 𝑘’th fuzzy rule
𝑣s The wind speed from the VRFS
𝑊 The effective mechanical power
𝑓VRFS(𝑡) The operating frequency of VRFS at time 𝑡
ℎc The convective heat transfer coefficient
𝑃VRFS(𝑡) The operating active power of VRFS at time

𝑡
𝑄VRFS(𝑡) The cooling capacity of the VRFS at time 𝑡
𝑆f an The VRFS fan leaf area
𝑇in(𝑡) The indoor temperature of the room at time

𝑡
𝑇out(𝑡) The outdoor temperature of the room at

time 𝑡
𝑇cl The clothing surface temperature

1.2. Literature review

Recently, there have been many studies on developing and opti-
izing DR strategies to improve the flexibility and efficiency of the

power system while facilitating the integration of RESs [14]. Mansouri
et al. [15] propose a tri-level game-theoretic DR strategy for smart
2 
buildings and electric vehicles. The demand-side loads in the smart
building can be aggregated by DR aggregators [16]. Nie et al. [17]
propose a two-stage strategy for DR aggregators to exploit the po-
ential of demand-side loads. These studies have demonstrated the
otential for demand-side loads to participate in DR [18]. AC, as
 key component in the demand-side loads, plays an essential role
n the execution of DR [19]. Existing control methods of the AC

participating in DR include temperature control and compressor state
control. Chen et al. [20] use the temperature–power relationship of
AC to estimate DR potential. Qi et al. [21] design the edge intelligent
terminal to regulate the AC on/off according to the set temperature
to participate in the DR. These studies realize that AC participates in
the DR by temperature control. However, the temperature variation

ay be lagging in providing accurate power demand to the power
system [22]. The temperature-based operating feature of AC ontology
limits the flexibility of power regulation. The inverter air conditioner
(IAC) is a type of AC with a frequency converter in the compressor [23].
Some scholars have proposed changing the compressor frequency to
realize the regulation of power. Hong et al. [24] propose event-based
distributed control to regulate the frequency of IAC compressors to
participate in the DR. Dong et al. [25] propose an adaptive distributed
egulation strategy to optimize the operation of the IAC cluster to

realize DR. These studies demonstrate that IAC participates in the
DR by compressor state control. However, the compressor frequency
in the above research is assumed to be directly controlled without
emonstrating how to change the compressor state. Zhou et al. [26]

propose a state-switching control method for IAC participating in DR.
he IAC state switching is demonstrated by controlling the output
ower of the inverter which affects the frequency of the compressor.
his control method is still constrained by the IAC ontology. The
raditional IAC is originally designed to meet the comfort requirements
f the consumer [27]. The compressor of IAC usually works to meet

certain temperature requirements to maintain the comfort requirements
of the consumer [28]. Therefore, the traditional IAC is not convenient
for DR through the above analysis. Although the above research has
demonstrated the potential of AC in participating in DR to provide
power regulation services. However, neither the temperature control
nor the compressor state control is effective in controlling the AC power
output.

It is necessary to improve the traditional AC to have a power-
controllable function. Variable Refrigerant Flow System (VRFS) is the
main type of AC and is widely used in commercial buildings [29].
According to statistics, the share of VRFS in the China AC market
is 50.93% in the first half of 2023 [30]. The high market share of
VRFS can provide sufficient regulation resources for DR. While pro-
moting the VRFS in DR, it is important to balance the power system
demand and the customer comfort [31]. Zhou et al. [32] propose a
flexibility-oriented DR mechanism considering the customer satisfac-
tion indicator. The customer satisfaction indicator demonstrates the
global satisfaction of the customer for DR services. Specifically, the
VRFS participating in the DR services also requires an indicator of the
consumer’s comfort level. Predicted Mean Vote (PMV) is an indica-
tor for evaluating the thermal response of people and is often used
to indicate the comfort level of the customer [33]. While the PMV
is an objective indicator, the customer needs a subjective indicator
hat can be actively configured to satisfy the heterogeneous comfort
equirements. Chen et al. [34] propose a proportional control based

on the PMV indicator to better allow the consumer to participate in
the DR. The recommended proportional control model can satisfy the
heterogeneous requirements of customers. Therefore, when designing
the VRFS control strategy to satisfy the power system demand and cus-
tomer comfort, it is necessary to consider both objective and subjective
indicators.

The intelligent control method for power-controllable VRFS is also
required to consider both the power system requirements and the
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customer requirements. There are nonlinear relationships among the
VRFS, power system requirements, and customer comfort. Therefore, it
s difficult to find the functional expression of the power-controllable
RFS. The fuzzy control strategy is a flexible and intelligent control

method for complex systems [35]. The fuzzy controller can simulate
the inference behavior and decision-making processes of people, which
makes the control more flexible and adaptive [36]. To this end, the
fuzzy control strategy is designed in this study to coordinate the power
system requirements and the customer requirements.

1.3. Research gaps and contributions

From the above analysis of recent research, the temperature or
ompressor state control of VRFS in recent research articles still faces

challenges in efficiently integrating into DR. Fewer research have advo-
cated the power-controlled VRFS for DR. Moreover, customer comfort
needs to be guaranteed during the VRFS power regulation [37]. The
iterature review reflects that there are many gaps in releasing the

power regulation potential of VRFS to improve the power system
equirement and customer requirements. Both objective and subjective
ndicators need to be considered to satisfy the customer comfort.

The above research gaps have encouraged the authors of this study
to propose a power-controllable VRFS with DR flexibility value. The
ubjective indicator (i.e., DR flexibility) is intricately coordinated with
he objective indicator (i.e., PMV value) to explore the power regu-
ation potential of VRFS. The contributions of the proposed power-
ontrollable VRFS fulfill the limitations identified in the literature as
ollows:

• A power-controllable VRFS is designed to change the operating
power of the VRFS directly. With this design, the VRFS only
needs to focus on power regulation when participating in DR and
does not need to establish relationships between temperature or
compressor state with power like in previous studies.

• A DR flexibility value is designed as a subjective indicator to
satisfy the heterogeneous customer comfort requirement. The DR
flexibility value can guide the customer to adjust their power con-
sumption behavior voluntarily. The PMV as an objective indicator
of customer comfort coordinates with the DR flexibility value.

• A fuzzy control strategy considering PMV values, DR flexibility
values, and power regulation requirements for the VRFS cluster
is used to provide power regulation service to the power system.
Through the fuzzy control strategy, VRFS can satisfy both the
regulation requirements of the power system and the comfort
requirements of the customer.

1.4. Paper organization

The remainder of this paper is organized as follows. Section 2 intro-
duces the proposed power-controllable VRFS structure. Section 3 intro-
duces the mathematical modeling of the power-controllable VRFS. Sec-
tion 4 illustrates the experiments and analyzes the experiment results.
ection 5 concludes this paper.

2. The proposed power-controllable variable refrigerant flow sys-
tem

Fig. 1 shows the overall structural diagram of the power-
controllable VRFS participating in the power regulation service for the
power system. This structural diagram demonstrates how the power
system interacts with the demand-side loads to realize DR. Traditional
VRFS adjust the frequency of the compressor to meet the indoor tem-
perature requirement of the customer. The power-controllable VRFS
proposed in this study directly adjusts the compressor frequency to
meet the power requirement. A demand response strategy based on
3 
incentives is employed. Power system operators develop correspond-
ing incentive policies based on the operating status of the power
ystem [38]. For instance, power system operators provide financial

compensation to encourage customers to reduce and increase power
consumption during peak and low periods, respectively. The power
system operator monitors the operating status of the power system and
sends the power regulation signal to demand-side loads (i.e., VRFS
in this study). The aggregation controller of the demand-side loads
controls the VRFS to regulate the power after receiving the regulation
signals. The fuzzy controller in the aggregation controller is used
to coordinate the power system regulation signals, PMV value, DR
flexibility value, and compressor frequency of VRFS. After the fuzzy
controller processing, the VRFS can adjust the power of the compressor
to meet the power regulation requirements and the customer comfort.

3. Modeling and control method

In this section, the mathematical modeling of the proposed power-
controllable VRFS is described. A fuzzy control strategy considering
PMV values, DR flexibility values, and power regulation requirements
for the VRFS cluster is designed to provide power regulation service to
the power system.

3.1. Modeling of variable refrigerant flow system

The modeling of VRFS is very important in this study, which reveals
he factors affecting the power of VRFS. The modeling of VRFS includes

a thermal model, an electrical model, and an aggregated regulation
model.

(a) Thermal model: The equivalent thermal parameter (ETP)
model [39] can be used to describe the thermal dynamic characteristics
of the VRFS, which can be expressed as follows:
𝑑 𝑇in
𝑑 𝑡 = 1

𝑅𝐶
(𝑇out − 𝑇in) −

𝑄VRFS
𝐶

, (1)

where 𝑇in(𝑡) is the indoor temperature of the room at time 𝑡; 𝑇out(𝑡)
is the outdoor temperature of the room at time 𝑡; 𝑅 is the equivalent
thermal resistance of the room envelope; 𝐶 is the equivalent air heat
capacity of the room; 𝑄VRFS(𝑡) is the cooling capacity of the VRFS at
time 𝑡.

(b) Electrical and thermal conversion model: The electrical and
thermal conversion model [40] of VRFS is used to describe the rela-
ionship between the cooling capacity and the electrical power of the
RFS, which can be expressed as follows:
{

𝑃VRFS(𝑡) = 𝜅1𝑓VRFS(𝑡) + 𝑏1,
𝑄VRFS(𝑡) = 𝜅2𝑓VRFS(𝑡) + 𝑏2,

(2)

where 𝜅1 and 𝑏1 are the operating power coefficients of the VRFS;
2 and 𝑏2 are the cooling capacity coefficients of the VRFS; 𝑃VRFS(𝑡)

and 𝑓VRFS(𝑡) are the operating active power and operating frequency of
VRFS at time 𝑡, respectively.

In this study, the compressor of the VRFS is modified to enable
power-controllable. The power-controllable VRFS provides power regu-
lation service to the power system to participate in the DR. As shown in
Fig. 1, when the outdoor unit receives the power regulation signal, the
compressor frequency will be changed to meet the power requirements
of the power system. The cooling capacity of VRFS will change with
power, which can be expressed as follows:

𝑄VRFS(𝑡) =
𝜅2
𝜅1

𝑃VRFS(𝑡) +
𝜅1𝑏2 − 𝜅2𝑏1

𝜅1
. (3)

And the indoor temperature 𝑇in(𝑡) will also change with the cooling
capacity 𝑄VRFS(𝑡) according to Eq. (1).

(c) Aggregated regulation model: Since a single VRFS has limited
regulation capability, it is necessary to aggregate multiple VRFSs as the
luster to provide power regulation capability to the power system. The

VRFS cluster can be expressed as follows:

𝑃reg(𝑡) =
𝑁
∑

𝑃 𝑖
VRFS(𝑡), (4)
𝑖=1
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Fig. 1. The overall structural diagram of the VRFS participating in the power regulation service for the power system.
where 𝑃reg(𝑡) is the regulation power of the total VRFS at time 𝑡; 𝑖 is
the VRFS number; ∀𝑖 ∈ ;  = {1, 2, 3,… , 𝑁} is the set of the VRFS; 𝑁
is the total VRFS number.

3.2. Modeling of demand response flexibility value

To guarantee customer comfort during the power regulation pro-
cess, the DR flexibility value is designed as a subjective indicator to
satisfy the heterogeneous customer comfort requirement. The DR flexi-
bility value can guide the customer to adjust their power consumption
behavior. Therefore, the total VRFS power with DR flexibility value
𝑃reg(𝑡) is expressed as follows:

𝑃r eg(𝑡) =
𝑁
∑

𝑖=1
𝓁𝑖𝑃

𝑖
VRFS(𝑡), (5)

where 𝓁𝑖 is the DR flexibility value of outdoor unit 𝑖; ∀𝓁𝑖 = [0, 1];
𝓁𝑖 = 0 indicates that the outdoor unit 𝑖 prioritizes the customer comfort
and does not provide power regulation to the power system; 𝓁𝑖 = 1
indicates that the outdoor unit 𝑖 prioritizes power regulation without
guaranteeing the customer comfort.

3.3. Modeling of predicted mean vote

The PMV as an objective indicator coordinates with the DR flexi-
bility value. The PMV value model is a comprehensive indicator [41],
which can be expressed as follows:

𝑃 𝑀 𝑉 =
[

0.303𝑒−0.036𝑀 + 0.0275]𝐿, (6)

where 𝑀 is the metabolic rate; 𝐿 is the thermal load. The thermal load
is influenced by internal heat production and the actual environment,
which can be expressed as follows:
𝐿 = (𝑀 −𝑊 ) − 3.05[5.733 − 0.007(𝑀 −𝑊 ) − 𝑝a]−
0.42[(𝑀 −𝑊 ) − 58.15] − 0.0173𝑀(5.876 − 𝑝a)−
0.0014𝑀(34 − 𝑇in) − 3.96 × 10−8𝑓cl[(𝑇cl + 273)4−
(𝑇r + 273)4] − 𝑓clℎc(𝑇cl − 𝑇in),

(7)

where 𝑊 is the effective mechanical power; 𝑝a is the water vapor
partial pressure; 𝑇 is the indoor temperature; 𝑓 is the clothing
in cl

4 
surface area factor; 𝑇cl is the clothing surface temperature; 𝑇r is the
mean radiant temperature; ℎc is the convective heat transfer coefficient,
which can be expressed as follows:

ℎc = max(2.38|
|

𝑇cl − 𝑇in||
0.25, 12.1

√

𝑣s), (8)

where 𝑣s is the wind speed from the VRFS. The power of the VRFS
can affect the fan speed of the VRFS which changes the wind speed
in the room. From Eq. (3), it can obtain the relationship between the
VRFS operating power 𝑃VRFS(𝑡) and the VRFS cooling capacity 𝑄VRFS(𝑡).
The cooling capacity of VRFS is converted into wind energy to cool the
room, which can be expressed as follows:

𝑄VRFS = 1
2
𝜌𝑣s

3𝑆fan, (9)

where 𝜌 is the air density; 𝑆f an is the VRFS fan leaf area.
This research focuses on the relationship between VRFS power and

indoor temperature. Assuming that all other parameters in the PMV
model are constants, the PMV model can be simplified as follows:

𝑃 𝑀 𝑉 = 𝑓𝑃 𝑀 𝑉 (𝑇in(𝑡), 𝑃VRFS(𝑡)). (10)

3.4. Fuzzy control strategy

It is difficult to find the functional expression among the regulation
signals of the power system 𝛥𝑃Grid, the DR flexibility value 𝓁 of the
VRFS, the PMV value, and the compressor frequency 𝑓VRFS of VRFS.
However, the approximate relationship among these four factors is that
the VRFS regulates the compressor frequency 𝑓VRFS according to the
regulation signal 𝛥𝑃Grid from the power system. During this process,
the DR flexibility value 𝓁 set by the customer is considered to maintain
the PMV value within the appropriate range. The fuzzy control strategy
is used in this study to coordinate these factors. Fig. 2 shows the
architecture of the fuzzy controller. The fuzzy controller consists of the
fuzzifier (Step 1), the rule base (Step 2), the inference engine (Step 3),
and the defuzzifier (Step 4).

Step 1: The first step in the fuzzy controller processing is to fuzzify
the inputs and outputs. As shown in Fig. 2, the inputs of this study
are the regulation signals of the power system 𝛥𝑃Grid, the DR flexibility
value of the VRFS 𝓁, and the PMV value. The output is the compressor
frequency 𝑓 .
VRFS
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Fig. 2. The architecture of the fuzzy controller.

Table 1
The rule base of the fuzzy controller.
𝓁 𝑃 𝑀 𝑉 𝛥𝑃Grid

𝑝1 𝑝2 𝑝3
𝑟1 𝑓1 𝑓2 𝑓3
𝑟2 𝑓1 𝑓2 𝑓3

𝑙1 𝑟3 𝑓1 𝑓2 𝑓3
𝑟4 𝑓1 𝑓2 𝑓3
𝑟5 𝑓1 𝑓2 𝑓3
𝑟1 𝑓1 𝑓1 𝑓2
𝑟2 𝑓1 𝑓2 𝑓2

𝑙2 𝑟3 𝑓1 𝑓2 𝑓3
𝑟4 𝑓2 𝑓2 𝑓3
𝑟5 𝑓2 𝑓3 𝑓3
𝑟1 𝑓1 𝑓1 𝑓1
𝑟2 𝑓1 𝑓1 𝑓1

𝑙3 𝑟3 𝑓2 𝑓2 𝑓2
𝑟4 𝑓3 𝑓3 𝑓3
𝑟5 𝑓3 𝑓3 𝑓3

The regulation signals of the power system 𝛥𝑃Grid can be fuzzified
s the following fuzzy set:

𝛥𝑃Gr id ∈
[

𝑝1, 𝑝2, 𝑝3
]

, (11)

where 𝑝1 denotes the power-down regulation; 𝑝2 denotes that the power
does not regulation; 𝑝3 denotes the power-up regulation .

The DR flexibility value 𝓁 of the VRFS can be fuzzified as the
following fuzzy set:

𝓁 ∈
[

𝑙1, 𝑙2, 𝑙3
]

, (12)

where 𝑙1 denotes high flexibility; 𝑙2 denotes moderate flexibility; 𝑙3
enotes low flexibility.

The PMV value can be fuzzified as the following fuzzy set:

𝑃 𝑀 𝑉 ∈
[

𝑟1, 𝑟2, 𝑟3, 𝑟4, 𝑟5
]

, (13)

where 𝑟1 ∼ 𝑟5 corresponds to the comfort level of the room as cold,
ool, neutral, warm, and hot respectively.

The compressor frequency 𝑓VRFS can be fuzzified as shown in the
following fuzzy set:

ṼRFS ∈
[

𝑓1, 𝑓2, 𝑓3
]

, (14)

where 𝑓1 denotes the frequency-down regulation; 𝑓2 denotes that the
frequency does not regulation; 𝑓3 denotes the frequency-up regulation.

From the above fuzzy sets, the uniform triangle affiliation function
for the fuzzy sets can be defined. The affiliation function can fuzzify
the inputs and outputs.

Step 2: The second step in the fuzzy controller processing is to
reate the rule base. The rule base helps to clarify the relationship

between inputs and outputs. The rule base is based on the relationship
among the power system, the consumer, and the VRFS as shown in
Table 1. The fuzzy rules between the input and output can be queried
y the fuzzy base.
Step 3: The third step in the fuzzy controller processing is to design

the inference engine. The function of the inference engine is to generate
the corresponding fuzzy output from the fuzzy rules and fuzzy inputs
through fuzzy logic operations. The fuzzy logic operations are based on
5 
the fuzzy rule base in Step 2, which can be expressed as follows:
𝑅1 ∶ IF (𝓁 𝑖𝑠 𝑙1) and (𝑃 𝑀 𝑉 is 𝑟1) and (𝛥𝑃Gr id is 𝑝1)

THEN (𝑓VRFS is 𝑓1),
......,

𝑅45 ∶ IF (𝓁 is 𝑙3) and (𝑃 𝑀 𝑉 is 𝑟5) and (𝛥𝑃Gr id is 𝑝3)
THEN (𝑓VRFS is 𝑓3).

(15)

The above fuzzy logic operations can be simplified and represented as
follows:

𝑓𝑘
VRFS = 𝑅𝑘◦(𝓁𝑘, 𝑃 𝑀 𝑉 𝑘, 𝛥𝑃 𝑘

VRFS), (16)

where 𝑅𝑘 is the 𝑘’th fuzzy rule; ◦ is a mapping of the fuzzy logic
calculation rules; 𝑘 ∈ ; = [1, 2,… , 45].

Step 4: The fourth step in the fuzzy controller processing is to clarify
the output result. Through the Step 2, the fuzzy output 𝑓𝑘

VRFS can
be obtained. The area-centered method can clarify the fuzzy output.
Therefore, an accurate output value 𝑓VRFS can be obtained.

4. Experiment

The experiment setup and experiment results for the power-
controllable VRFS are discussed in the subsequent sections.

4.1. Experiment setup

To verify the performance of the proposed method, the traditional
RFS needs to be modified. Gree company is one of the largest heating
nd air conditioning system manufacturers in the world. The traditional
RFS is modified the compressor by Gree company to make it have

a power-controllable function. The testing building with the power-
controllable VRFS for this research is located in Gree company, Zhuhai
City, China. Fig. 3 shows the field demonstration of VRFS and the
oftware platform of the VRFS control center. 4 VRFS outdoor units
nd 20 indoor units are developed to participate in this experiment.
he VRFS control center can set the desired power and flexibility value
f VRFS. The operating data of VRFS is collected in real time by the
RFS control center. The data update frequency is set to 1 min in these
xperiments.

4.2. Result analysis of power regulation

To verify the power regulation capability of VRFS, the power down-
nd up-regulation experiments are designed. When VRFS runs in the
table state, a 400 W down-regulation command to VRFS is sent. After
he VRFS runs in the stable state, a 300 W up-regulation command
s sent to VRFS. Fig. 4 shows the experiment results of VRFS power
egulation. It can be seen from Fig. 4(a) that the operating power of the

VRFS can be followed by the expected power to regulate down and up.
The maximum power regulation deviation is the maximum difference
between the operating power and the expected power. By measuring
he maximum power regulation deviation between the operating power
nd the expected power, the regulation accuracy and response speed
f the system can be evaluated. The maximum power regulation
eviation during the whole regulation process is 3.67%. The down and
p-regulation process of the power can be completed in 1 min as shown

in Fig. 4(b) and (c), respectively.
To verify the power regulation capability of the VRFS at different

R flexibility values, controlled experiments are designed. The DR
lexibility values in the control experiments are selected to be 0.0,
.5, and 1.0. During the period from 8:30 to 17:30, the same power
egulation commands are sent and the power and energy variations of
he VRFS are observed. Fig. 5(a)–(c) show the power regulation results

of VRFS under different DR flexibility values. From the experiment
results, it can be seen that the operating power of VRFS can follow
the expected power under different DR flexibility values. Since the test
building is an office, there are people in the office who can modify the
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Fig. 3. The field demonstration of VRFS and the software platform of VRFS control center.
Fig. 4. The experiment results of VRFS power regulation capability. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 5. The power regulation results of VRFS under different demand response flexibility values. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
set temperature according to their preferences. The modification of the
setting temperature by the people results in power changes. After the
modification by the people, the VRFS controller automatically regulates
the operating power of the VRFS to track the expected power. There-
fore, there are some tiny fluctuations in the operating power of the
VRFS during the experiment. Converting the experiment results into the
energy (i.e., power multiplied by time) form, as shown in Fig. 5(d)–(f),
it can be seen that the energy variation corresponding to the operating
power of the VRFS can follow the energy variation corresponding to
the expected power. The experiment result also demonstrates that the
high DR flexibility value of the VRFS provides a large range of power
regulation and the low DR flexibility value of the VRFS provides a low
range of power regulation.
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4.3. Result analysis of customer comfort

To verify customer comfort under the different operating powers
of VRFS, the simulation has been carried out based on the Python
tool. Fig. 6(a) shows the variation of indoor temperature at different
operating power of VRFS. From Fig. 6(a), it can be found that the time
of indoor temperature from the same temperature (i.e., 30 ◦C) to the
desired temperature (i.e., 26 ◦C) is different under different VRFS oper-
ating power. The VRFS running at high power has a shorter time for the
room to reach the desired temperature, while the VRFS running at low
power has a longer time. The process of varying indoor temperature
can lead to different comfort feelings for the consumer. Therefore, it
is worth considering that the variation in indoor temperature during
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Fig. 6. The indoor temperature and PMV value variation under different operating power of VRFS. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
power regulation brings different comfort to the customer. Fig. 6(b)
shows the variation of PMV value at different operating power of VRFS
according to the Eq. (10). The PMV value between −0.5 and 0.5 is
defined as the comfort zone of the customer. From Fig. 6(b), it can
be found that the time of the PMV value from the start temperature
(i.e., 30 ◦C) to the comfort zone is different under different VRFS
operating power. The VRFS running at high power has a shorter time
for the room to the comfort zone, while the VRFS running at low power
has a longer time. Therefore, it is worth considering the PMV value
during power regulation to guarantee customer comfort.

To verify customer comfort at different DR flexibility values, con-
trolled experiments are designed. The DR flexibility values in the
control experiments are selected to be 0.0, 0.5, and 1.0. The experiment
controls the VRFS operating power from 35 000 W to 24 000 W at 8 ∶
30. Fig. 7(a) and (b) show the experiment result of the temperature
variation and PMV value variation under different DR flexibility values,
respectively. From the experiment results, it can be observed that the
indoor temperature variation and PMV value variation are different
with different DR flexibility values. In the case of DR flexibility value
of 0, the indoor temperature variation is not significant and the PMV
value remains within the comfortable area. In the case of DR flexibility
values of 1 and 0.5, the indoor temperature variance is significant while
the PMV value also exceeds the comfortable area. For the DR flexibility
value is 1, the PMV value goes out of the comfortable area after 50 min
of power regulation. For the DR flexibility value is 0.5, the PMV value
goes out of the comfortable area after 70 min of power regulation. In
this case, the fuzzy control strategy in the VRFS controller can stop the
increase of the PMV value within 30 min. The PMV value can return to
the comfortable area after 35 min.

From the above analysis, it can be observed that the DR flexibil-
ity values can provide regulation configuration for DR in practical
engineering. In this experiment, the DR for the customer with the
DR flexibility value of 1 in less than 50 min. For the customer with
the DR flexibility value of 0.5, the DR is within 70 min. The DR
flexibility value can balance the power demand of the power system
and the customer comfort. The customer can select the appropriate DR
flexibility value according to the different scenarios. The power system
operators can also send appropriate power regulation commands based
on the DR flexibility value. This method is helpful in guiding consumers
to participate in the DR.

5. Conclusion

This paper proposes a power-controllable VRFS with DR flexibility
value for power regulation. A DR flexibility value is designed as a
subjective indicator to satisfy the heterogeneous customer comfort
requirement. The objective indicator(i.e., PMV value) and the subjec-
tive indicator(i.e., DR flexibility value) are considered to satisfy the
customer comfort. A fuzzy control strategy for the VRFS cluster is
7 
used for the regulation requirements of the power system and the
comfort requirements of the customer. The experiment for the power-
controllable VRFS is carried out to evaluate the validity of the proposed
power-controllable VRFS and fuzzy control strategy, and the results are
as follows:

• The power-controllable VRFS can provide power regulation ser-
vice to the power system with a maximum power regulation
deviation of 3.67%. The up and down-regulation process of the
power can be completed in 1 min.

• The DR can be carried out for the customer with the DR flexibility
value of 1 in less than 50 min in this study. The DR can also
be carried out for the customer with the DR flexibility value of
0.5 in less than 70 min in this study. The DR flexibility value
has significant engineering value in guiding the customer to
participate in DR more conveniently.

In summary, the power-controllable VRFS proposed in this paper
can directly change the operating power of VRFS to better participate
in DR. The power-controllable VRFS only needs to focus on power
regulation when participating in DR and does not need to establish
relationships between temperature or compressor state with power like
in previous studies. The DR flexibility value, as a subjective indicator,
can guide the customer to adjust their power consumption behavior
according to the power system operating requirements voluntarily.
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