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Abstract: In recent years, with rising urbanization and ongoing adjustments in industrial structures,
there has been a growing dependence on public buildings. The load of public buildings gradually
becomes the main component of the peak load in summer, among which the load of air conditioning
is particularly prominent. To clarify the key problems and solutions to these challenges, this study
proposes a multi-objective optimization control strategy for building air conditioning cluster par-
ticipation in demand response based on Cyber-Physical System (CPS) architecture. In a three-layer
typical CPS architecture, the unit level of the CPS achieves dynamic information perception of air
conditioning clusters through smart energy terminals. An air conditioning load model based on the
multiple parameter types of air conditioning compressors is presented. Then, the system level of the
CPS fuses multiple pieces of information through smart energy gateways, analyzing the potential
for air conditioning clusters when they participate in demand response. The system of system level
(SoS level) of the CPS deploys a multi-objective optimization control strategy which includes the
uncertainty of the initial states of air conditioning clusters within the intelligent building energy
management system. The optimal model takes into account the differences in the environmental con-
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optimization results obtained using the traditional Particle Swarm Optimization (PSO) algorithm.
The case study results indicate that the proposed multi-objective optimization control strategy can
effectively improve the thermal comfort of the human body towards the controlled temperatures of
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sumption now accounts for over 30% of total energy consumption. This trend reflects the
evolving landscape of urban development and industrial shifts, with a particular spotlight
on the energy consumption issue of air conditioning [1]. In China, the rapid increase in
air conditioning load during the summer places significant pressure on the safe operation
of the power grid, with 30—40% of the peak load being in summer and up to 50% being
in first-tier cities such as Beijing and Shanghai [2]. The increased air conditioning load in
summer leads to periodic adjustments in the power system, resulting in insufficient peak
capacity of the power grid [3]. A 2018 report from the International Energy Agency (IEA)
predicts that by 2050, the global energy consumption of air conditioning will be equivalent
to China’s current total demand for electricity [4]. Increases in the installed capacity on the
generation side for short-term peak loads may lead to problems such as overcapacity, low
unit utilization, and resource wastage. As demand-side and grid-side two-way interaction
capabilities continue to rise, demand-side resources are becoming an important resource
for grid dispatching operations, which can effectively promote the transformation of the
grid mode. Nowadays, the smart grid consists of multiple power sources and loads with
wide spatial and temporal distribution. The flexible change in load serves as a major means
to balance power fluctuations.

Therefore, building loads exert a significant impact on the secure, stable, and econom-
ical operation of the power grid. It is urgent to explore the untapped energy efficiency
potential of buildings, achieve efficient utilization of an entire building’s energy through
the integration of information flow and energy flow, integrate building energy services with
grid regulation, and promptly create comprehensive energy services for public buildings
as well as ensure efficient interaction with the upper-level power grid. This strategy will
function as a key focus for the development of the power industry.

Currently, an increasing number of studies focus on decentralized air conditioning
loads used in residential or small commercial buildings [5-9]. The equivalent thermal
parameter (ETP) model, based on circuit simulation, and the building model, based on
heat and cold load calculations, are commonly used to simulate heat storage [10]. The
ETP model includes outdoor temperature, building environment, indoor heat and cold
sources, and temperature with relevant circuit parameters such as capacitance, reactance,
and resistance. It simulates the heat exchange process between the interior of the room and
the exterior by modeling the equivalent parameters of the circuit. Zhang et al. (2014) [11]
developed a third-order model considering the temperature variability of the inner and
outer walls. Bashash and Fathy (2013) [12] utilized a second-order simplified model that
overlooks the difference between the inner and outer walls for convenience.

The widely used air conditioning control method is direct load control (DLC) [13],
which includes start-stop control [14], gear control [15], and cyclic wheel stop control [16].
Other control methods have also been extended and developed. Wang et al. (2019) [17]
proposed a semi-Markov process-based probabilistic control method for air conditioning
loads, with the air conditioning system divided into four states: on, off, on-locked, and
off-locked. Tian et al. (2019) [18] applied the state-space model to the air conditioning wheel
control method. In addition to direct load control, model predictive control (MPC) has been
the focus of current research [19]. Mr. Joe and Mr. Karava (2019) [20] used the MPC model
to regulate heating and cooling systems in office buildings to maintain comfortable indoor
temperatures. Vedullapalli et al. (2019) [21] proposed an MPC-based model for HVAC
combined with building energy storage to participate in demand response.

Metaheuristic algorithms are a class of methods based on computational intelligence
mechanisms employed to identify optimal solutions to complex optimization problems.
Also referred to as intelligent optimization algorithms, these methods effectively tackle
nonlinear optimization problems and handle multi-constraint scenarios. With the develop-
ment of computer networks and artificial intelligence technology, metaheuristic algorithms
are increasingly applied to the formulation of control strategies for air conditioning. Li et al.
(2017) [22] presented a non-dominated sorting-based particle swarm optimization (NSPSO)
algorithm, together with the Kriging method, for the optimization of the HVAC system de-
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sign in a typical office room. Chiuhsiang Joe Lin et al. (2022) [23] proposed a multi-objective
optimization model based on the multi-objective whale optimization algorithm to balance
energy consumption and thermal comfort in air conditioning and mechanical ventilation
systems. The regulation of water flow rate, air volume, and indoor air temperature reduced
energy consumption. Siyuan Y. et al. (2023) [24] suggested an improved parallel artificial
immune system algorithm to ascertain the optimal operational parameters of the system
under varying loads, with the aim for the maximization of operational efficiency.

In summary, existing control strategies for individual air conditioning systems partici-
pating in demand response have developed numerous mature theories. However, research
on air conditioning clusters participating in demand response is relatively scarce. Ad-
ditionally, in many studies on the CPS, most have proposed localized optimization for
energy systems. An overall analysis shows that these studies lack global perception and
collaboration, making it difficult to achieve overall energy optimization at the system level.

Therefore, this paper proposes a control strategy for the participation of building air
conditioning clusters in demand response, based on CPS architecture and considering the
construction requirements of the energy internet, along with the operational characteristics
of air conditioning clusters in the building sector. This approach is important for improving
the stability of the power grid. The innovative points of this study are as follows:

(1) At the unit level of the CPS, an air conditioning load model based on the multiple
parameter types of air conditioning compressors was established.

(2) At the system level of the CPS, the potential of air conditioning clusters participation
in demand response was analyzed. The operating status of air conditioning in different
environments was simulated by changing the equivalent heat capacity and equivalent
thermal resistance of each room. The set temperature of the air conditioning cluster was
changed and the results were analyzed.

(3) At the SoS level of the CPS, a multi-objective optimization control strategy was
proposed to address the air conditioning clusters. The control strategy was developed
by the uncertainty of the initial states of air conditioning clusters, the ETP model, and
the human-thermal-comfort model. The control strategy concluded the differences in the
environmental conditions of each individual air conditioning unit within the cluster and
changed the set temperature every 15 min for each air conditioning unit to achieve load
reduction while maintaining the temperature of each room to meet the demand of human
body thermal comfort.

(4) The Multi-Objective Particle Swarm Optimization (MOPSO) algorithm based on
the Pareto front was used to solve this optimization control strategy and optimize the
operational parameters of the air conditioning clusters. A comparative analysis was
conducted with single-objective optimization results obtained using the traditional Particle
Swarm Optimization (PSO) algorithm. The case study showed that compared to the PSO
algorithm, the MOPSO algorithm has the advantages of strong convergence and global
search ability when solving the multi-objective control strategy proposed in this paper.

2. System Concept and the Architecture Analysis of the CPS
2.1. System Concept of CPS

A CPS is a system that integrates computer science with physical processes, enabling
real-time data exchange, automation control, and intelligent algorithms to monitor, analyze,
and control the physical world [25]. CPSs play a crucial role in improving system efficiency,
security, and reliability and are widely applied in industries, transportation, healthcare, and
other fields. Applying CPSs to building energy systems in both energy supply and demand
sides leverages their reliable perception and precise control features to provide real-time
sensing of the physical environment within buildings. This enables the control of air
conditioning clusters based on the actual environmental conditions, ultimately achieving
the goal of “maximizing supply, minimizing consumption, and optimizing comfort”. The
typical architecture of CPSs consists of three layers: unit level, system level, and SoS level.
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The unit level of the CPS is the smallest unit of the information-physical system. It
forms a data closed-loop of “perception-analysis-decision-execution” through smart energy
terminals, each of which is an identifiable and connected information carrier. The unit-level
CPS, through industrial networks, enables broader and more extensive automatic data
flow, leading to the establishment of smart production lines, smart workshops, and smart
factories, facilitating the interconnection, interoperability, and communication of multiple
unit-level CPSs, further enhancing the breadth, depth, and precision of manufacturing
resource optimization.

The system level of the CPS combines intelligent energy gateways and energy manage-
ment systems through industrial networks, enabling even greater automatic data flow in a
broader range and wider domains, connecting and intercommunicating multiple unit-level
CPSs. The system level of the CPS is based on the state perception, information exchange,
and real-time analysis of multiple unit-level CPS minimum units, achieving energy effi-
ciency analysis, energy efficiency diagnosis, and coordinated control of multiple devices
in buildings. The system level of the CPS includes the Building Energy Management
System (BEMS), the Home Energy Management System (HEMS), and the Enterprise Energy
Management System (EEMS).

The BEMS integrates building automation systems, energy management systems, and
building management systems, into a comprehensive system. The BEMS centrally monitors,
manages, and controls the energy usage status of a building or building clusters’ electrical
distribution, lighting, elevators, air conditioning, heating, water supply, and drainage, etc.,
providing hardware and software systems for the online monitoring and dynamic analysis
of building energy consumption.

The HEMS connects various devices in homes (such as audiovisual equipment, lighting
systems, curtain control, air conditioning control, security systems, digital cinema systems,
media servers, audio cabinet systems, networked appliances, etc.) through Internet of
Things technology, offering various functions and means such as home appliance control,
lighting control, remote control via phone, indoor and outdoor remote control, anti-theft
alarm, environmental monitoring, HVAC control, infrared forwarding, and programmable
timing control.

The EEMS comprehensively applies intelligent management systems to achieve effi-
cient integration of human and machine elements in enterprise management and to realize
“human-machine coordination” in enterprises.

The system of system level (SoS level) of the CPS is an organic combination of multiple
system-level CPSs, encompassing four key elements: “hardware, software, network, and
platform” [26]. It mainly includes the central station of the intelligent building management
system and sub-stations for load aggregation. Through a big data platform, the SoS-level
CPS achieves interconnection, interoperability, and communication across systems and
platforms, facilitating the integrated exchange and sharing of data from various sources.
This closed-loop automatic flow allows for comprehensive information perception, in-
depth analysis, scientific decision-making, and precise execution on a global scale. The
platform-level CPS, through the intelligent electricity main station system, aggregates and
optimizes the energy response potential of multiple commercial buildings.

2.2. The System Architecture of the CPS

In this paper, the type of public building is an office building with 50 rooms. Figure 1
shows a diagram of a multi-level control system of the CPS for the air conditioning clusters
of this public building.

The unit level depicts individual air conditioning units in various rooms, with sensors
and controllers for each unit. It demonstrates how data are collected and commands are
transmitted, representing the control loop at the most granular level.

The system level shows the platform of the BEMS, detailing its functions such as
state perception, real-time analysis, and coordinated control of equipment. It also in-
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cludes the evaluation of human thermal comfort and the calculation of Demand Response
(DR) accuracy.

The SoS-level
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Figure 1. A diagram of a multi-level control system of the CPS for the air conditioning clusters.

The SoS level illustrates the data exchange between different cloud platforms, high-
lighting the data transmission pathways from the State Grid Corporation, load aggregators,
and consumers. It shows the demand for thermal comfort and the demand for load re-
duction and thermal comfort. Then, the platform of load aggregators formulates control
strategies for air conditioning clusters.

The multi-level control system of the CPS proposed in this study enables differentiated
control of air conditioning clusters, bearing significant practical implications. Intelligent
energy management, especially for high-consumption air conditioning systems, can sub-
stantially enhance energy efficiency and reduce operational costs, offering considerable
economic benefits to commercial building managers. On another note, dynamically control-
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ling air conditioning clusters based on real-time data and user demands, while ensuring
human comfort, plays a crucial role in improving the satisfaction and experience of building
occupants. The application and dissemination of such technologies serve as a model for
energy management and environmental protection in smart city development, contributing
to the overall advancement of urban intelligence.

3. The Unit Level of the CPS

At the unit level of the CPS, mathematical models are developed based on the phys-
ical properties and operational principles of air conditioning, translating these physical
processes into mathematical equations. These models range from simple linear equations
to complex differential equations, capturing the fundamental dynamics of each unit. Fur-
thermore, the parameters of the mathematical models are estimated based on experimental
data or the literature. This step ensures an accurate representation of the actual behavior
of air conditioning, utilizing the models to simulate the behavior of units and the entire
system under different scenarios. Such simulations aid in optimizing the performance,
energy efficiency, and safety of the CPS.

3.1. ETP Model

The rapid increase in air conditioning loads during the summer has exacerbated the
supply-demand imbalance in urban power grids. The regulation of air conditioning loads
through demand-side management can alleviate pressure on the grid during peak loads.
However, due to the diverse types of air conditioning loads which have their different
operational characteristics, the construction of a reasonable air conditioning load model
becomes essential for more effective participation of air conditioning loads in power system
scheduling.

The ETP model is commonly used in research for modeling air conditioning loads. Its
principle involves the initial conversion of relevant data, such as indoor temperature, out-
door ambient temperature, and air conditioning cooling /heating capacity, into equivalent
electrical circuit components. This conversion enables the use of an equivalent circuit to
simulate the heat exchange process between the indoor and outdoor environments.

The first-order ETP model is as Equation (1) [1]

ATy, 1 e}
dt - R(Tout Tm) ? (1)
Qr=mn-P 2)

where T;, is the indoor temperature at time ¢; Ty is the outdoor temperature at time ¢; R
and C refer to the equivalent thermal resistance and equivalent heat capacity, respectively;
Q¢ is the cooling capacity at time ¢; 17 is the energy efficiency ratio of the air conditioning
system; and P; is the power of the air conditioning system. The differential equation
governing the indoor temperature variation in the building has been established, which
serves as the basis for the derivation of the time-varying equation for indoor temperature.

3.2. Air Conditioning Load Model Based on the Frequency of the Compressor

An air conditioning load model based on air conditioning compressor frequency was
studied in the literature [27]. This study involved varying frequencies of variable-frequency
air conditioning while maintaining constant indoor and outdoor conditions. The resulting
simulation data were used to analyze the operating characteristics of the air conditioning
system. Figure 2 shows the relationship between the refrigeration capacity and the energy
efficiency ratio of the air conditioning system.
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Figure 2. The relationship between the refrigeration capacity and the energy efficiency ratio.

According to Figure 2, the power P; can be fitted as a first-order function as Equation (3),
and the cooling capacity can be fitted as a second-order function as Equation (4)

Pr=a-fi+b 3)

Qr=c-fif+d-fi+e (4)

where f; represents the frequency of the compressor of the air conditioning system at time
t;and a, b, ¢, d, and e represent constant coefficients of the respective functions.

The compressor frequency varies with the temperature difference between the indoor
temperature and the set temperature [28]

AT' = Tj, — Toy (5)
fmax AT > M

fisi =R fi+0-AT m<AT' <M (6)
fmin AT! <m

fmin < ft < fmax (7)

Tstet,min S T;et S T;et,max (8)

where AT! is the temperature difference between the indoor temperature and the set
temperature; T!,, is the set temperature at time £; fmax and fmin represent the frequency up
and down limits of the compressor respectively; and 6 is a positive constant.

4. The System Level of the CPS

At the system level of the CPS, temperature, humidity, and other relevant data from
each room in the building are gathered through sensors and smart devices. These data
are then analyzed to assess the thermal characteristics of each room and the operational
status of the air conditioning system. By considering variations between different rooms
and their temperature requirements, the potential and accuracy of the air conditioning
cluster’s participation in demand response are calculated. Furthermore, utilizing collected
environmental parameters and personnel information, the Predicted Mean Vote (PMV)
model is employed to compute the PMV value for each room.
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4.1. Thermal Comfort of Human Body

Thermal comfort refers to the subjective evaluation of the human body’s satisfaction
with the surrounding thermal environment. The PMV is used to evaluate the human
comfort in this paper which is denoted as Equation (9) [29]

femy = [0.303¢7003M 4 0,0275] x {M — W — 3.05[5.73 — 0.007(M — W) — p,]
—0.0014M (34 — t,) — 0.0173M(5.87 — p,) — 0.42(M — W — 58) )

— fuhe(ty — ta) —3.96 x 108, [(td 1273 — (1 + 273)4] }

where M is metabolism; f; is the ratio of clothing and body surface area; ¢ is the average
temperature of human body surface with clothing; tr is the mean radiation temperature; P,
is the partial pressure of water vapor in the ambient air; £, is the air temperature; /i is the
convective heat exchange coefficient; and W is the power of human body.

The PMV equation is a regression equation obtained by Fanger through experimental
fitting of the relationship between heat load, metabolism, and PMV value. Table 1 provides
the PMV thermal perception scale.

Table 1. PMV thermal feeling scale.

Sensation

Cold Cool Slightly Cool Fit Mild Warm Warm Hot

Value of PMV

-3 -2 -1 0 1 2 3

The Predicted Percentage Dissatisfied (PPD) indicates dissatisfaction with a hot envi-
ronment, represented as Equation (10) [30].

fppp = 100 — 950~ (003353 f,11,+0.21 f3311/) (10)

The recommended PMV value for satisfying environmental thermal comfort falls
within the range of [-0.5, 0.5], and the corresponding PPD value in the interval is [5-10%].

4.2. Accuracy of the Demand Response Control Strategy

The aggregator receives the total reduction task from a power company and allocates
tasks according to the potential assessment of air conditioning clusters. The power company
disburses subsidies and imposes penalties based on the overall task completion of the
aggregator. Consumers who have implemented power reductions according to a contract
will be compensated by the aggregator. The aggregator’s revenue is generally calculated
based on the subsidies and penalties from the power company, and the cost reduction.
Therefore, the accuracy of the demand response strategy is directly related to the revenue
of the aggregator, as demonstrated in the following equation

N
Z PZ,n(t) - Ptur

w=1- =1 7 (11)
ar

where w defines the accuracy of the demand response control strategy. The closer wis to 1,
the higher the accuracy of the demand response strategy.

5. The SoS Level of the CPS

The SoS level of the CPS facilitates interconnection, interoperability, and communi-
cation between systems and platforms, promoting the integrated exchange and sharing
of data from various sources. The Load Aggregation Merchant Cloud Platform is respon-
sible for coordinating and managing various subsystems within buildings, including the
deployment of control strategies for air conditioning clusters.
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5.1. Control Strategy for Air Conditioning Based on the Variation of Temperature

Load aggregators control the degree of load reduction as they change the set temper-
ature of the air conditioning cluster based on the scheduling requirements of the power
system. Figure 3 shows the relationship between the power of variable-frequency air
conditioning and the indoor temperature.

»

t

t 2

3 t

2 4

Figure 3. The relationship between power and the indoor temperature.

In Figure 3, Toet1, Tser,and T3 represent three different set temperatures, respectively,
with Tge1 < Tsera < Tsers. The corresponding air conditioning power is denoted as Py, P;,and
P3, where P > Py > P3. Before time T4, the air conditioning system operates with the
set temperature Ty, and the power is P;. At time t;, the set temperature is changed
to Tee1, and the air conditioning system operates at the lowest power Ppi,. When the
indoor temperature reaches T, at time f,, the air conditioning power is changed to P, to
maintain the temperature until the set temperature is changed to T3 at time t3, and the air
conditioning system’s power is Pin.

5.2. Control Strategy for Air Conditioning Clusters Based on Load Aggregators and Consumers

This study proposes separate control functions for load aggregators and consumers.

5.2.1. Control Functions for Load Aggregators

The load aggregator changes the set temperature of the air conditioning clusters
based on the scheduling requirements of the power system. The aim is to influence the
operational state of the air conditioning clusters and control load reduction during demand
response moments. Therefore, the first objective of this paper is to optimize the control of
the set temperatures of individual variable-frequency air conditioning systems within the
cluster, which seeks to minimize the deviation between the actual operation power and the
target power of the variable-frequency air conditioning clusters, as demonstrated in the
following equations

minz 01(t) (12)
N

Ol(t) = Z PZ,n(t) — Py (13)
n=1
N

Ptar = Z Pl,n(t) -D (14)

n=1
where 01 (f) is the deviation between the actual operation power and target power of the
air conditioning clusters; P; ,,(t) is the power of the nth air conditioning system at time ¢
after participating in demand response; Py, is the reduction power of the air conditioning
clusters; Py ,,(t) is the power of the nth air conditioning system at time t before participating
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in demand response; and D is the trading volume after the clearing of the day-ahead market
in the demand response conducted by the grid dispatch.

5.2.2. Control Functions for the Consumers

The control strategy minimizes the temperature difference in the set temperature
before and after the regulation of the air conditioning clusters. The decision variable in
this optimization is the set temperature after the control, as demonstrated in the follow-
ing equations

min) _op(t) (15)
N 2
frt) = L (T30 = T(1)) (16)
n=1
on(t) = V2lt) a7
Tinin < TzetZ < Tmax (18)

where 0,(t) is the difference function in the temperature changes of the air conditioning
clusters before and after the control; T:¢*! and T5*? are the temperatures set at time  before
and after the nth air conditioning system participates in demand response; and Ty, and
T'max are the down and up limits of the set temperature.

5.3. The MOPSO Algorithm Based on the Pareto Optimal Solution
5.3.1. Pareto Optimal Solution

Pareto Optimality, also known as Pareto Efficiency, was proposed by Vilfredo Pareto,
an Italian sociologist. This concept refers to an ideal state of resource allocation. Assuming
a fixed number of individuals and a fixed pool of allocable resources, any change in the
existing allocation status is considered a Pareto improvement or a Pareto optimality if it
makes at least one individual better off without making anyone else worse off.

In the context of multi-objective optimization problems, the optimization of one
objective based on intelligent algorithms may lead to the deterioration of other objectives
due to potential conflicts among various optimization objectives. Consequently, there may
be more than one optimal solution when solving such problems.

The set of all solutions within the Pareto optimal solution set, which is mapped in the
objective space, forms a surface known as the Pareto Front. Figure 4 shows a distribution
of the Pareto solution set. A and B are located in the objective space which represents the
Pareto Front. The collection of all solutions on the Pareto Front is referred to as the Pareto
optimal solution set. The solution to multi-objective optimization problems involves the
identification of this non-dominated solution set.

A Feasible Set QQ

Pareto front

Figure 4. The diagram of the Pareto solution set.
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5.3.2

. MOPSO Algorithm

The MOPSO algorithm was proposed by Coello et al. in 2002 [31]. The specific steps

of the MOPSO algorithm are as follows:

1.

N

Set t = 0, randomly initialize the population P;, calculate the objective function value
vectors for each particle, and add the non-dominated solutions to the external archive
(i.e., the set of non-dominated solutions obtained during each iteration), NPy;
Confirm the initial individual p;(0) and global best values g;(0) for each particle;
Update the particle positions and velocities to form the next generation of subpopula-
tions while adjusting the individual best values p;(t) for each particle;

Use the new non-dominated solutions to maintain the external archive, generate the
external archive for the next iteration, and determine the global best value g;(t) for
each particle;

Let t =t + 1. If the termination condition of the algorithm is satisfied, end the search;
otherwise, return to step 3.

In solving multi-objective optimization, different objective problems may have dif-

ferent global best values, with these different global best values non-dominated by each
other. In other words, the global best value g;(f) is not unique in this case. Therefore, when
the MOPSO algorithm is running, attention should be paid to the selection of individ-
ual best values, the maintenance of global best values, the management of the external
archive, and ensuring particles fly within the feasible space. Figure 5 is the flowchart of the
MOPSO algorithm.

@ Update the positions and velocities of

A

y

particles in the population

Initialize the population and the v
Archive Set of the MOPSO algorithm

Update the adaptive grid for

non-dominated solutions

\ 4
Calculate the Frequency Fitness v
> .
Assignment
l Update the Archive Set
Calculate the individual best value pi l
l Perform truncation on the Archive Set

Calculate the density information of
particles in the Archive Set

A4

Reach the specified number of iterations
or meet the desired precision.

Select the global best value gi from
the Archive Set

Figure 5. The flowchart of the MOPSO algorithm.
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6. Case Study
6.1. Potential Assessment of Air Conditioning Clusters Participating in Demand Response

This study assumes that the type of public building is an office building with a
BEMS, it has 50 rooms, and there is one variable-frequency air conditioning system in
each room. These air conditioning systems come from the same brand and have a rated
power of 1.8 kW. Therefore, the universal parameters for the air conditioning load model
are established. However, due to each air conditioning system operating in different
environmental conditions, a differentiated parameter configuration is applied to the ETP
model, specifically for equivalent thermal capacitance and resistance. Such differentiation
involves the diversity of the internal building environment, aiming to more accurately
depict the operational characteristics of the air conditioning system in different spaces.
Table 2 shows the parameters of this study case.

Table 2. The parameter settings of the case study.

Parameter Value
Tout/OC 35
R/(°C/kW) R~N (10, 1)

C/(kJ/°C) C~N (200, 0.5)
fmin/Hz 5
fmax/Hz 110

a 15.23

b 125

c —0.1

d 60

e 200

6.1.1. The Temperature Changes of Each Room with the Same Set Temperature When the
Initial Temperature Is the Same

By setting the parameters of the load model of variable-frequency air conditioning
clusters systems based on the ETP model, the initial temperature of each room is the same,
all at 28 °C. Taking the changing of the set temperature of the air conditioning clusters to
23 °C as an example, the result is as follows.

Figure 6 shows the temperature changes in each room where each air conditioning
system is located in this scenario. The enlarged section in the figure indicates that the time
required for each room to reach the target temperature varies. Meanwhile, the temperature
of each room changes within a certain range of the set temperature due to the different
operating states of their respective air conditioning systems.

28

T T

2750 The temperature change of each room

27

N
«
>

| |

| |

| |

19 I

19 |
O 26¢ 12 17

o 15232 |
= L o 4

5 255 e |

@ e <
g 25¢ P2 17

© | |
2451 | 228 17

| 14 16 18 20 22 |
24+ WL __ Time/min_ _ _ _ _ _ _ 11
2351 —4 1

\
23 — _‘:J
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Time/min

Figure 6. The temperature change of each room as the set temperature of the air conditioning clusters
is 23 °C.
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6.1.2. The Potential Analysis of Air Conditioning Clusters Participation in Demand
Response under Different Set Temperatures

It is assumed that the outdoor temperature remains constant, typically, with the upper
limit of the set temperature being 26 °C to meet the thermal comfort requirements of
consumers. By increasing the set temperature, the potential for the air conditioning clusters
to participate in the demand response control is calculated. Taking the example of changing
the set temperature from 23 °C to 24 °C, the temperature change of each room and the
power variations of the air conditioning clusters are shown in Figure 7.

' 700 . T T
L The power change of i
275 @ air conditioning clusters
L 80 The temperature change i
27 70 of each room
265 2 60 .
% 50
3
8 267 < 40 l
S P =P, —P
2255 s0r Haas = B =B ||
g t
8 . ] R K ——
£ 257 10 I }
kS Pl
0
245 0 10 20 30 40 50 60 ||
Time/min
24
235 b
231 b
1
0 50 60

Time/min

Figure 7. The temperature and power variations of the air conditioning clusters when the temperature
is set from 23 °C to 24 °C.

In Figure 7, DT represents the time the air conditioning cluster maintains the minimum
power after reaching it to raise the temperature indoors. The peak clipping capacity is
defined as P, representing the power of the air conditioning cluster at the set temperature,
and the difference in power before and after participating in demand response. It can be
expressed as Pec = Pgety — Pget1-

The scenario is set with a set temperature of 23 °C as a reference, and the operating
temperature of the air conditioning clusters is set from 23 °C to 24 °C, 25 °C, and 26 °C.
The comparative results are presented in Table 3, analyzing the demand response potential
of the air conditioning cluster.

Table 3. The results of the demand response capability of the air conditioning clusters.

Set Temperature DT/min Pgot/kW PCC/kW Power Reduction/%
Maintain at 23 °C 0 19.72 0 0

From 23 °C to 24 °C 7 16.67 3.05 15.4%

From 23 °C to 25 °C 16 14.39 5.33 27%

From 23 °C to 26 °C 31 11.24 8.48 43%

The results in Table 3 show that for every for every one-degree Celsius increase in the
set temperature, the DT of the air conditioning cluster increases, and the degree of power
reduction is around 14.4%.

6.2. The Resolution of the Control Strategy for the Variable-Frequency Air Conditioning Cluster

The existing variable-frequency air conditioning systems have already achieved a
difference of 0.5 °C in the set temperature. In this case study, the initial temperature of each
room is randomly set to 23 °C, or 23.5 °C, or 24 °C, and each air conditioning unit runs for
60 min. Figure 8a shows the temperature variation for each room, while Figure 8b shows
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Figure 8. The state of the cluster of air conditioning unit running for 60 min. (a) The changes in
temperature of each room. (b) The changes in power of each air conditioning unit.

Assuming the aggregator’s day-ahead transaction volume ensures that the maximum
power during the demand response period does not exceed 20 kW. The duration of demand
response is 60 min. Each air conditioning unit adjusts its set temperature every 15 min,
with four changes at 0, 15, 30, and 45 min.

Three scenarios are established to validate the precision of the MOPSO algorithm for
the demand response control strategy proposed in this research:

Scenario 1: Only considering the accuracy of demand response;

Scenario 2: Only considering the thermal comfort of consumers;

Scenario 3: Simultaneously considering the accuracy of demand response and the
thermal comfort of consumers.

In scenarios 1 and 2, the traditional PSO algorithm is used for optimization, while in
scenario 3, the MOPSO algorithm is used for optimization.

6.2.1. Only Considering the Accuracy of Demand Response

For load aggregators, the accuracy of the demand response strategy holds significant
importance. A 1accuracy of demand response may affect the achievement of promised
load reduction targets, potentially pulling down the reputations of the aggregator and
the electricity market. Therefore, the accuracy of the demand response strategy is directly
related to the income of the load aggregator.

The PSO algorithm is used to solve the function 01(t), and the results are shown in
Figure 9.

After the control of the demand response strategy, the average temperature of 50 rooms
increases to around 25 °C.

In Figure 10, the red curve represents the operational state of an air conditioning
system before the control and the blue curve represents the operational state after the
control. Before participating in the demand response control, the set temperature of this
air conditioning unit is maintained at 23.5 °C. After the control, in the first 30 min, the
set temperature of this air conditioning unit remains unchanged. At 30 min, the set
temperature is changed to 24 °C, the power of this air conditioning unit decreases to the
lowest operating power to cause the temperature of the room to rise to the set temperature,
and the temperature of this room increases to a final value of 24 °C. Compared to the
original operating state of this air conditioning unit, the load of the air conditioning system
is reduced after the control.
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Figure 9. Scenario 1. (a) The changes in temperature of each room. (b) The changes in power of each
air conditioning unit.
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Figure 10. The operational state of an air conditioning unit in Scenario 1. (a) The change in tempera-
ture of the room. (b) The change in power of the air conditioning unit.

Figure 11 shows the instantaneous state of all air conditioning units at a certain
moment during the demand response period in Scenario 1. After the control of demand
response, the average temperature of 50 rooms is higher than the average temperature of
50 rooms before the control, and the power of each air conditioning unit after the control
decreases compared to the power of each air conditioning unit before the control.
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Figure 11. The instantaneous state of all air conditioning units at a certain moment in Scenario 1.
(a) The changes in temperature of each room. (b) The changes in power of each air conditioning unit.
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Temperature/°C

Figure 12 shows the total power variation of air conditioning clusters at each moment
before and after the control of demand response in Scenario 1. The red curve represents the
total power of air conditioning clusters before the control, while the blue curve represents
the total power of air conditioning clusters after the control. The black curve represents
the maximum allowed power during the demand response period. A single-objective
optimization is performed to maximize the interests of the load aggregator, which meets
the control requirements for demand response.

40 T T

——Total power before control
35 | —— Total power after control

Maximum power allowed during DR period
30

25+

AL

Power/kW

Time/min

Figure 12. Comparison of total power of air conditioning clusters in Scenario 1.

In Scenario 1, the average temperature of the 50 rooms before the control is 23.5 °C,
and after the control, it rises to 25.3 °C, with the highest temperature being 26.2 °C. The
PMV value is 0.53, and the PPD value is 11%, indicating a slightly warm thermal sensation.
However, it may not guarantee that the temperature of the rooms meets the requirements
of human comfort. The air conditioning cluster is fully responsive.

6.2.2. Only Considering the Thermal Comfort of Consumers

For consumers, a warm and comfortable environment contributes to both physical
health and psychological comfort. Extreme room temperatures, whether too high or too
low, can lead to discomfort, affecting work efficiency of people. Therefore, in this scenario,
the benefit for consumers is the demand for thermal comfort.

The PSO algorithm is used to solve the function 0y(t), and the results are shown in
Figure 13.

Power/kW

Figure 13. Scenario 2. (a) The changes in temperature of each room. (b) The changes in power of each
air conditioning unit.
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252

After the control of the demand response strategy, the average temperature increases
to around 23.8 °C.

In Figure 14, the red curve represents the operational state of an air conditioning unit
before the control and the blue curve represents the operational state after the control. Before
participating in the demand response control, the set temperature of this air conditioning
unit is maintained at 24 °C. After the control, in the first 15 min, the set temperature of this
air conditioning unit is set to 25 °C. At 15 min, the set temperature is changed to 24 °C. At
30 min, the set temperature is changed to 24.5 °C. At 45 min, the set temperature returns to
24 °C, and the temperature of this room maintains a final value of 24 °C. In this case, there
are two instances of full power operation during the DR period.
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Figure 14. The operational state of an air conditioning unit in Scenario 2. (a) The changes in
temperature of room. (b) The changes in power of each air conditioning unit.

The power after the control exhibits only a minor difference from the power before
the control. Figure 15 shows the instantaneous state of all air conditioning units at a
certain moment during the demand response period in Scenario 2. After the control of
demand response, the average temperature of 50 rooms differs slightly from the average
temperature of 50 rooms before the control, and the difference in power between each air
conditioning unit after the control and before the control is relatively small.
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Figure 15. The instantaneous state of all air conditioning units at a certain moment in Scenario 2.
(a) The changes in temperature of each room. (b) The changes in power of each air conditioning units.
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Figure 16 shows that despite the optimization of consumer benefits as a single objective,
the control results show minimal temperature variation, meeting the requirements for

human comfort. However, the operating power exceeds the target maximum power, failing
to meet the requirements for the demand response control.
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Figure 16. Comparison of total power of air conditioning clusters in Scenario 2.

In Scenario 2, the average temperature of 50 rooms before the control is 23.5 °C, and
after the control, it increases to 23.8 °C. The highest temperature reaches 24.6 °C, with a
PMV value of —0.05, a PPD value of 5%, and a neutral thermal sensation, which ensures

that the indoor temperature meets the requirements for human comfort. However, the
accuracy of demand response in this scenario is 80%.

6.2.3. Simultaneously Considering the Accuracy of Demand Response and the Thermal
Comfort of Consumers

The MOPSO algorithm is used to solve both function o1(t) and function o,(t), and the
results are shown in Figure 17.

=3
N
L

Power/kW
o
S
L

Figure 17. Scenario 3. (a) The changes in temperature of each room. (b) The changes in power of each
air conditioning unit.

After the control of the demand response strategy, the average temperature increases
to around 25.5 °C.

Figure 18 shows the total power variation of air conditioning clusters at each moment
before and after the control of demand response in Scenario 3. After participating in the
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demand response control, the set temperature of this air conditioning unit changed from
24 °C to 24.5 °C, and the power of this air conditioning unit decreases.
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Figure 18. The operational state of an air conditioning unit in Scenario 3. (a) The changes in
temperature of each room. (b) The changes in power of each air conditioning unit.
Figure 19 shows that at a certain moment during the demand response period, the
power of all air conditioning systems is lower than the power before participating in the
demand response, and the difference in temperature changes of room is within 1 °C.
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Figure 19. The instantaneous state of all air conditioning units at a certain moment in Scenario 3.
(a) The changes in temperature of each room. (b) The changes in power of each air conditioning unit.

Figure 20 shows the results of using the MOPSO algorithm to solve a control strategy
based on the accuracy of demand response and the thermal comfort of consumers. The
results indicate minimal temperature variation, which meets human comfort requirements,
and the power consumption satisfies the demands of the demand response control.

In Scenario 3, the lowest temperature after the control is 23.6 °C, with the PMV value
is —0.13, and the PPD value is 5%, a neutral thermal sensation. The highest temperature
after the control reaches 25.5 °C, the PMV value is 0, of PPD value is 5%, and the thermal
sensation is neutral. This indicates that the temperature after the control satisfies human
comfort requirements. The air conditioning cluster is fully responsive.
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Figure 20. Comparison of total power of air conditioning clusters in Scenario 3.
6.3. Summary
The demand response control results for each scenario are shown in Table 4.
Table 4. The demand response control results for each scenario.

Scenario The Minimum Temperature =~ The Maximum Temperature PMV PDD Accuracy
1 23 26.2 [-0.34,0.53] [0, 11] 100%
2 23 24.6 [—0.34, —0.05] [0, 5] 80%
3 23 25.5 [—0.34, 0.24] [0, 5] 100%

In summary, the comprehensive analysis of the above scenarios indicates that the use of
the MOPSO algorithm for the control strategy mentioned in this paper can simultaneously
fulfill both the demand response of the load aggregator and the comfort requirements of
consumers. This approach achieves a multi-objective control for the variable-frequency air
conditioning cluster.

7. Conclusions

In summer, the rapid increase in air conditioning load leads to periodic adjustments
in the power system, which results in insufficient peak capacity and places significant
pressure on the electricity grid. This paper proposes a control strategy for building air
conditioning cluster loads participating in demand response based on CPS architecture.
The strategy effectively reduces the load of the air conditioning cluster during demand
response to improve the operational safety of the power grid. Intelligent energy manage-
ment, especially for high-consumption air conditioning systems, can substantially enhance
energy efficiency and reduce operational costs, offering considerable economic benefits to
commercial building managers. On another note, dynamically controlling air conditioning
clusters based on real-time data and user demands, while ensuring human comfort, plays
a crucial role in improving the satisfaction and experience of building occupants. The
application and dissemination of such technologies serve as a model for energy manage-
ment and environmental protection in smart city development, contributing to the overall
advancement of urban intelligence.

The specific findings are summarized as follows:

(1) At the unit level of the CPS, an air conditioning load model based on the multiple
parameter types of air conditioning compressors is proposed. By changing the values of the
equivalent thermal capacitance and equivalent thermal resistance of each room, the simula-
tion shows the operational states of the air conditioning system in different environments.
This process validates the effectiveness of the load model of air conditioning clusters.

(2) At the system level of the CPS, the potential of air conditioning clusters to partici-
pate in demand response is analyzed by changing the set temperature of the air conditioning
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cluster and analyzing the results. The result shows that for every one-degree Celsius in-
crease in the set temperature, the time for air conditioning clusters to maintain minimum
power will be extended, and the degree of power reduction is around 14.4%.

(3) At the SoS level of the CPS, a multi-objective optimization control strategy for
air conditioning clusters is introduced. This model introduces a control function, which
includes changing the set temperature of each air conditioning cluster every 15 min, en-
suring that the total power after the control does not exceed the set value, and ensuring
that the temperature of each room after the control can meet the demand of human thermal
comfort. The overall objective of the control strategy is to achieve a high accuracy of
demand response.

(4) An MOPSO algorithm based on the Pareto front is used to solve the multi-objective
optimization of the control strategy. Three different scenarios were set up to compare the
control strategy proposed in this paper. A traditional PSO algorithm is used for the single-
objective solution of the first and the second scenes, and the MOPSO algorithm is used
for the multi-objective solution of the third scene. The case study shows that compared to
the PSO algorithm, the MOPSO optimization algorithm effectively searches and optimizes
objectives, as well as providing decision-makers with the flexibility for decision-making
and data optimization based on different preferences. The lowest temperature after the
control is 23.6 °C, with the PMV value is —0.13, the PPD value is 5%, a neutral thermal
sensation. The highest temperature after the control reaches 26 °C, the PMV value is
0.37, the PPD value is 8%, and the thermal sensation is neutral. This indicates that the
temperature after the control satisfies human body comfort requirements. The DR control
strategy achieves an accuracy rate of 92%. These findings demonstrate that the control
strategy mentioned in this study is efficient in promoting power balance and stability in
the power grid.

In summary, building air conditioning cluster load participation in demand response
based on CPS architecture can effectively manage air conditioning energy consumption,
convert air conditioning loads into flexible and controllable demand side resources, and
effectively solve problems such as summer load surge, excessive air conditioning usage,
and prominent peak loads.
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