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Abstract. How to solve their automatic control of constant temperature and humidity gradually becomes a research hotspot as the continuous
upgrading of air conditioning systems. This study aims to optimize the traditional proportional-integral-differential controller for improvement to
solve the time-delay instability phenomenon in temperature and humidity control. The objective of this study is to optimize existing proportional-
integral-differential controllers to improve the time-delay instability problem that is common in temperature and humidity control. Firstly, it treats the
controlled object as a first-order and second-order system with time-delay characteristics. Next, the Smith predictor controller is generalized
equivalent to ensure that the equivalent system does not contain time-delay. Finally, an analysis of the first-order and second-order closed-loop
control system is conducted by combining Smith predictive controller and proportional-integral-differential controller. The system achieves the goal
of automatic control of constant temperature and humidity by adjusting the control parameters. The experiment showcased that the temperature
control time of the proposed control scheme under first-order and second-order time-delays was 16 s and 3 s, respectively. Meanwhile, the humidity
control time was 14 s and 13 s, respectively. In practical applications, the proposed control scheme achieved good control effects in all four seasons.
This indicates that the controller designed in this study possesses good control performance. It also can achieve the goal of constant temperature and
humidity control. This can provide technical support for the automation control of air conditioning systems.
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1. Introduction 2023). In addition, the integration of AC systems and the

interoperability of intelligent building management systems
have also become a key direction to improve the overall
performance of the system with the application of Internet of
Things technology (Sah et al. 2021). These technologies have
brought about a reevaluation of traditional AC control strategies,
especially in terms of how to effectively manage the dynamic
response and environmental adaptability of AC systems.
However, the control of AC systems still faces several
challenges despite technological advances, especially how to
effectively reduce energy consumption while maintaining
environmental quality in dynamic environments. Although the
traditional Proportional-Integral-Differential (PID) control method
is widely used in industrial and commercial AC systems, it has
obvious limitations when dealing with complex dynamic and
nonlinear problems. The limitations include slow response time-
delay and difficult to adapt to rapidly changing environmental
conditions (Al-Manthria et al. 2021). In addition, traditional
control methods are often difficult to achieve accurate and
personalized control for large buildings or places with different
temperature and humidity requirements in different areas. This
limits the overall efficiency and effect of the system
(Rajeshwaran et al. 2023).

The temperature and humidity control of the AC system
mainly depends on the PID controller (Korupu et al. 2022).
However, this traditional control method is difficult to meet the

With the continuous improvement of quality of life, Air
Conditioning (AC) has become one of the essential household
electrical equipment (Zhang et al. 2023). How to use relevant
technologies to automate temperature and humidity control in
AC systems on the ground of environmental changes is
currently a hot topic in computer research (Bandewad et al.
2023). The AC temperature system is extremely susceptible to
changes in the internal and external environment, whose
structure is relatively complex. Whether it is the cooling
capacity delivery of the water system or the air supply output of
the air system, the AC system may suffer from time-delay
characteristics (Hermawan et al. 2023). Building an AC system
has been a key technology to maintain indoor temperature and
humidity within a comfortable range. The automatic control
effect of the AC system also affects people's living and working
environment (He et al 2023). The energy efficiency and
intelligent control of AC systems become the focus of building
technology research with the increase of global climate change
and energy efficiency requirements. The design of modern
buildings is increasingly focused on achieving environmental
sustainability and improving occupant comfort. The design
requires AC systems that not only meet basic temperature and
humidity regulation needs, but also have a high degree of
energy efficiency and intelligent responsiveness (Hussain T
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needs of high efficiency and high precision due to the
complexity of AC system and the variability of environmental
conditions (Zhang et al. 2021). PID control often leads to
reduced control performance, especially when dealing with AC
systems with significant time-delay (Shruti et al. 2021). In
addition, most of the existing researches focus on improving
PID parameter adjustment. However, there are relatively little
research on how to use advanced control theory and technology
to overcome the time-delay and improve system stability and
response speed (Perez et al. 2021). The traditional PID control
strategy is faced with the slow response speed and low control
accuracy in practical applications, especially when the
performance is not ideal when dealing with system delay and
external disturbance (Laifa et al. 2022). Therefore, how to
optimize the control strategy to improve the control
performance of the AC system and ensure the stability and
comfort of the indoor environment becomes an urgent problem
to be solved (Deniz 2022). Based on this background, this study
applies generalized equivalence to the Smith predictor
controller to ensure that the equivalent system does not contain
time-delay. The closed-loop Transfer Function (TFU) of the
system meets the standard First-Order (FO) and second-order
system forms by combining Smith and PID control. Therefore,
the instability and poor performance of the controller can be
improved in traditional AC temperature control methods.

The main contribution of this paper is to propose a control
strategy combining a Smith predictive controller and a PID
controller to improve the automatic control performance of
constant temperature and humidity in building an AC system.
The Smith predictive controller is combined with Frequency
Domain Analysis (FDA) for the first time to study the time-delay
problem in the AC system. The effectiveness of the proposed
control strategy is verified by simulation and practical
application. In addition, the design of control strategy is
discussed in detail, including the establishment of system model,
the optimization of control parameters, and the evaluation of
control effect. The main purpose of this study is to develop a
new control strategy combining a Smith predictive controller
and a PID controller to optimize the automatic control of
constant temperature and humidity in building the AC system
through FDA. This paper attempts to combine the Smith
predictive control technique with PID to solve the shortcomings
of traditional methods in time-delay and precision control. The
potential of this control strategy in improving system response
speed, increasing control precision, and reducing energy
consumption is demonstrated through detailed system
modeling and simulation analysis. In addition, this study also
discusses the feasibility and practicability of the control strategy.
Meanwhile, the effectiveness of the proposed control strategy is
verified through practical application cases. This provides a new
theoretical and practical basis for the control of AC system in
the future intelligent building environment.

2. Related works

FDA, as a fundamental concept in the signal processing,
often refers to the signals analysis in terms of frequency to study
and process the frequency components of signals (Nagarsheth
et al. 2020). Currently, many experts have conducted research
in electronic engineering, communication engineering,
seismology, and many other fields by combining the concept of
FDA. Zheng et al. (2021) presented a Fractional Complex Order
(FCO) controller for speed control of DC motors as an extension
of traditional fractional order controllers. Therefore, the
possibility of simultaneous changes in phase angle and gain in
the motor system due to external interference were addressed.
The proposed FCO controller added additional parameters,
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allowing the system to exhibit strong robustness. In addition,
the parameters of the FCO controller were adjusted by
integrating gain cross frequency, cutoff frequency, phase margin,
and amplitude margin based on FDA. Finally, optimization
algorithms were used for solving the optimal solution of a series
of constraints. The relevant outcomes showcased that the
presented complex fractional order control possessed more
excellent dynamic robustness (Zheng et al. 2021). Jiang et al.
proposed an AC coordinated control strategy based on FDA to
address the challenges of system Frequency Regulation (FR)
brought about by the increase in renewable energy in 2020. In
the strategy, the inverter AC unit was used for primary FR, and
the fixed frequency AC unit was used for secondary FR. In the
primary FR, the set point of the inverter AC unit was adjusted
to provide adjustable power. Meanwhile, the random number
generation method was used to trigger the inverter AC unit
based on the frequency deviation. In the secondary FR, the
constant equivalent duty cycle method was used to stabilize the
power regulation. Meanwhile, the switching state of the fixed
frequency AC unit was determined by changing the time
interval method. The simulation results showed that this
strategy effectively reduced power rebound, improved FR effect,
and had low communication requirements (Jiang et al. 2020).
Zhang et al. (2022) proposed a solution for optimizing heating,
ventilation, and AC load scheduling, aiming at balancing user
comfort and FR performance. The article adopted an
asynchronous model and utilized grid frequency measurement
equipment for primary FR based on FDA. This strategy
provided the optimal combination of frequency deviation
threshold and monitoring period, taking into account maximum
frequency deviation and temperature deviation. Finally, the
optimal solution of the multi-objective optimization problem
was obtained. The simulation results showed that the AC load
system can achieve optimal scheduling when the frequency
deviation threshold was 0.2Hz and the monitoring period was
5.5 seconds (Zhang et al. 2022).

The automatic control of constant temperature and
humidity in building AC systems is a technology that ensures
the stability of the internal environment within the set ranges.
Currently, many experts have conducted research on a series of
issues in AC systems, such as temperature control, humidity
control, and air quality control. Bushnag proposed a technology
for automated management of indoor temperature, humidity,
and air quality to address ventilation issues in indoor
environments caused by fast-paced lifestyles in 2023. The
system used an Arduino microcontroller combined with fuzzy
logic for control. The research results indicated that the new
system performed excellently in controlling and monitoring air
quality, temperature, and humidity compared to previous
management techniques (Bushnag 2023). Liu H et al. proposed
an optimal control strategy for heating, ventilation, and AC
systems in commercial buildings in 2021. Then the comfort of
residents was ensured while participating in FR. The article
considered the nonlinear relationship between temperature set
points and fan power, aiming at the scheduling optimization
based on the difference between indoor temperature and
temperature set points. The simulation results showcased that
the proposed optimal strategy improved frequency quality,
reduced the regulation of traditional generators, and fairly
ensured the comfort of residents (Liu et al. 2021). Rumalutur et
al. (2021) designed an AC automatic control system on the
ground of the Arduino UNO controller. The system used DHT11
sensors to measure indoor temperature and humidity.
Meanwhile, relays were driven through pulse width modulation
signals to achieve precise control of AC. The relevant outcomes
showcased that the controller possessed the more excellent
control performance (Rumalutur et al. 2021). Wibawa I MS et al.
designed a temperature and humidity measurement instrument
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on the ground of Arduino ATmega 328P in 2022. The
instrument utilized an ATmega 328P microcontroller to process
temperature and humidity data from DHT22 sensors.
Meanwhile, the measurement results were displayed on an LCD
keyboard screen. The experiment showed that the accuracy of
the controller in air temperature measurement was 97.97%, and
the accuracy in air humidity measurement was 99.35% (Wibawa
etal. 2022).

In summary, existing research has made certain progress
in the control of AC temperature, humidity, and air quality.
However, there are still shortcomings in dealing with time-delay
characteristics and improving energy management efficiency.
The current research mainly focuses on the PID control, fuzzy
logic control, and FDA to optimize the temperature and
humidity control of an AC system. These studies provide
valuable solutions for the automatic control of AC systems both
theoretically and practically. However, most schemes still have
limitations in dealing with system delay and improving control
accuracy. The method proposed in this paper shows innovation
in the following aspects compared with the existing works.
Firstly, this research provides a new solution for accurate
control of time-delay characteristics in AC system by combining
a Smith predictive controller with a PID controller. Secondly,
the dynamic characteristics of the control system are deeply
discussed by using FDA, which makes the control strategy more
accurate and stable. Finally, the proposed method is not only
innovative in theory, but also proved to be effective and superior
in practical application through extensive simulation and
practical application tests. These characteristics make this
research not only provide an efficient solution strategy for the
automatic control of constant temperature and humidity of an
AC system, but also provide a new research idea and method
for similar automatic control problems.

3. Design of automatic control for AC systems

AC accounts for almost half of the total energy
consumption of various buildings. This study combines FDA
methods, Smith predictive controllers, and PID controllers to
design a new temperature and humidity control scheme for AC
systems to save sources and reduce costs.
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3.1 Smith predictive control method

The continuous innovation of automation technology has
gradually made the automatic adjustment of AC equipment
simpler (Hou et al. 2022). However, there are some problems
such as the high complexity of the internal structure of AC and
the susceptibility of temperature and humidity systems to
external factors. Therefore, the constant temperature and
humidity control technology in the systems still needs to be
improved. There are many influencing factors, such as external
and internal environmental temperature, humidity, fresh air
system, seasonal factors, etc. All of these factors can cause
significant changes in the AC temperature and humidity system.
The complex internal structure also makes the AC system have
strong time-delay characteristics (Hao et al. 2021). Smith
predictive controller is a control strategy used to solve problems
in control systems with significant time-delays. The core idea of
the AC system is to predict the future behavior through an
internal model to offset the impact of time-delays. In Smith
predictive control system, a model with the same delay as the
actual process is used to estimate future process outputs
(Gallardo et al. 2021). Then the controller uses this predicted
value instead of the actual process output to calculate the
control action. In this way, the controller can respond in
advance, effectively overcoming the adverse effects caused by
time-delay and achieving more precise and stable control (Wu
et al. 2023). This study first introduces a Smith predictive
controller to improve the time-delay of temperature and
humidity control in AC systems.

The controlled object often has pure hysteresis
characteristics in the temperature and humidity adjustment in
AC systems (Morelli et al. 2020). This characteristic will reduce
the stability of the temperature and humidity system,
deteriorate its dynamic performance, and cause system
overshoot and oscillation. The introduction of Smith predictive
controller can effectively compensate for the pure lag
characteristics of delayed objects, thereby improving the overall
performance (Waworundeng et al. 2020). The working principle
of Smith predictive controller is to add a compensator to the
branch of the controlled object as lag compensation. Therefore,
the characteristic equation of the added closed-loop TFU does
not contain a delay link. This can improve the performance of

Fig 1 Control block diagram of Smith

G,(s)e™ Y(s) >

Gy (s)

Fig 2 Block diagram of Smith control under anticipatory control
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the original controller and increase the stability. The structure
of the traditional Smith controller is shown in Figure 1.

InFigure 1, G.(s) serves as the main controller and G, (s)
serves as the estimation process. The TFU of the manipulated
object is represented by G,(s)e™™. The time-delay of the
controlled object is represented by e~ . R(s) and Y(s)
represent the input and output of the system. The Smith
estimated control equivalent diagram shown in Figure 2 is
obtained by introducing the estimated compensation into the
control block diagram shown in Figure 1.

In Figure 2, the traditional Smith controller introduces the
estimated compensation. The output of the main controller in
Figure 2 is fed into two channels compared to Figure 1. One way
is to directly enter G,(s)e™™ to obtain the output value, and
the other way is to enter G,(s). Therefore, the delay effect is
reduced by adding an adjustment link to correct the output of
the main control path. The TFU of the system will change due
to the addition of predictive control on top of Figure 1 and
Figure 2. The mathematical model of the TFU under predictive
control is shown in equation (1) (Qiao et al. 2023).

Y(s) Ge(5)Gp(s)e™
B0) = 26 = 06,0

In equation (1), BA(s) represents the TFU of the Closed-
Loop System (CLS) after introducing the estimated
compensation. R(s) represents the system input that has not
received estimated compensation, and Y(s) represents the
system output after receiving estimated compensation. In the
TFU, the closed-loop characteristic equation determines the
stability of the entire system. The stability of the system has
been improved compared to systems with time-delay elements
because of the absence of time-delay elements in the
characteristic function equation of the CLS.

3.2 Construction of automatic adjustment model for first and second-
order systems

PID controller is a widely used feedback controller, named
after its three main components, namely Proportional, Integral,
and Differential (Zhang et al. 2023). Proportional is a response
to the difference between a set point and a measured value.
Integral is a response to the accumulation of errors, aimed at
eliminating long-term steady-state errors. The role of
Differential is to predict the future behavior of the system and
control it by observing the rate of error change. The structure of
the PID controller is shown in Figure 3.

In Figure 3, the closed-loop structure of PID control is
shown. r(t) and y(t) serve as the input and output quantities
of PID control. e(t) and u(t) represent the deviation and
control quantities, respectively. There are four common types
of PID controllers, namely proportional controller, proportional
integral controller, proportional differential controller, and PID
controller. The mathematical model of the proportional
controller is shown in equation (2).

u(t) = Kpe(t) (2)

Proportional ‘l
+

Integral

u(t) [“Targetor | Y(t)
accusation

Derivative

Fig 3 Control block diagram of PID
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In equation (2), K, represents the proportional gain, which
determines the strength of the controller's output response to
the current error. The mathematical model of the proportional
integral controller is shown in equation (3).

u(t) = Kpe(t) + K, [, e(t)de (3)

In equation (3), K; represents the integral gain, which mainly
adjusts the sensitivity of the controller to accumulated errors in
the past. fot e(t)dt represents the integral of the deviation from
the beginning to the current time point. The mathematical
model of the proportional differential controller is shown in
equation (4).

u(t) = Kye(t) + Ky 52 (4)

In equation (4), K, is the differential gain, which determines

the strength of the controller's response to the rate of error

change. d;—(;) represents the rate of change of the deviation.

According to equations (2) to (4), the mathematical model of the
PID controller is obtained as shown in equation (5) (Lu et al.
2022).

de(t)
— )

Equation (5) indicates that the design of the PID controller aims
to adjust the system's output by integrating these three
functions. Therefore, it can quickly and steadily reach and
maintain the set point. This study considers that temperature
and humidity control in building AC systems may have different
time-delay instability situations at different stages, and the
structure of the AC system is relatively complicated. Therefore,
this study treats the controlled object as an FO and second-
order system with time-delay characteristics to simplify the
computational complexity. Meanwhile, mathematical models
for each FO and second-order system are built to optimize its
time-delay. When the temperature and humidity control object
of the indoor AC system is an FO time-delay model, the
calculation formula for the FO time-delay link model is shown
in equation (6) (Chen et al. 2023).

u(t) = Kye(t) + K; [, e(t)dt + Ky

0.92
1+TS

Gy(s) =

In equation (6), G,(s) represents the FO Time-Delay Model
(TCM). It draws on relevant parameter values from relevant
literature and combines them with actual situations. Therefore,
T represents the inertia link, with a value of 144. S represents
the control delay duration, with a value of 30. The gain
coefficient takes a value of 0.92. It sets the input signal as a step
signal and optimizes the PID control parameters of the FO TCM
through the response curve method. The simulation structure of
the standard PID tuned by the response curve method under
disturbance is shown in Figure 4.

In Figure 4, Step represents a step input used to simulate
system startup or changes in set points. Gain represents that the
gain of the model can be used to adjust the amplitude of the step
input, and three gain types are used: Gainl7, Gainl18, and
Gainl19. Derivative5 and Integrator6 represent the
differentiation and integration stages in PID controllers,
respectively. Transfer Fcn8 represents the TFU, representing
the dynamic behavior model of the system. Transport Delay9
represents transmission delay, used to simulate the time-delay
present in the system. Product6 represents the product part,
which is mainly achieved by multiplying with the input signal to
achieve the proportional part in PID control. Scope8 is used to
observe and analyze the waveform output by the system (Kang
et al. 2024).

e—3()s (6)
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’-x.l
Gain19 Derivative5 v
Fcnl2
H>_> duy/dt u 600 ol
Clock12
Product6
ull620
Clock13 Fcnl3 Scope8
<5 Nz Ny ‘E
. >+ Tlags ol T "
Gainl7
Adde Transfer ~ Transport
T Fcn8 Delay9
B
Gain18 Integrator6

Fig 4 Simulation structure of standard PID under perturbation

The operating temperature of the FO and second-order
TCM is set to a common indoor temperature of 25 ‘C and a
relative humidity of 45%. Smith predictive compensator and
PID controller are combined for control. Smith-PID is used to
simultaneously add a 20-second external step disturbance
signal during system stability for simulation. When the
controlled object is an FO system model, the expression of its
optimized TFU is further obtained as shown in equation (7) (Kim
etal. 2022).

Gpls) = —=

T 14TS (7)

In equation (7), K; represents the FO control parameter. A
proportional integral controller is required to simplify its TFU to
second-order standard form, and its TFU is shown in equation

(8).

Gyp(s) = Kp + 7 ®)

In equation (8), i represents the integration operation in

Laplace transform. The TFU of the CLS in its second-order form
can be further obtained from equation (8), as shown in equation

(9)-
_ GC(S)Gp(S)

B(s) = 1+6o(5)Gy (5) ©)
The characteristic equation of the controlled object as an FO
system can be obtained from equation (9), as shown in equation
(10).
Ky Kp+1

T

KiK;

D(s) =2 + )s +55 (10)

Smith is combined to tune the PID parameters in FO and
second-order control systems and establish corresponding
control models (Wu et al. 2020). Meanwhile, the FDA method is
used to optimize the model. Firstly, the estimated controller and
the controlled object are generalized equivalent. The final
structure is optimized based on Figure 1 to obtain the
generalized equivalent diagram of Smith-PID's estimated
control, as shown in Figure 5.

The dashed part in Figure 5 represents the generalized
equivalent object, which is generalized equivalent to the
controlled object G,(s) without time-delay. It is further
regarded as an FO and second-order system without time-delay,
and Smith-PID control is adopted for it. Second-order systems
are prone to situations where the damping is not sufficient to
prevent vibration from crossing the equilibrium position due to
insufficient damping. Therefore, the characteristic equation of
the CLS under this condition will have special conjugate
complex roots. Using the FDA method to analyze the TFU of its
second-order system, its representation is shown in equation
(11).

Grin(s) = Gp(s)e™™ + Gy (s)(1 — e7™) = Gy(s) (11)

In equation (11), Gi,(s) represents the expression of the
second-order system TFU under the FDA method. When the
controlled object becomes a second-order system model, the
TFU is shown in equation (12).

Gy(s) = Ky + K;s (12)

When the selected building AC temperature control model
exhibits second-order time-delay phenomenon, the second-
order time-delay mathematical model can be obtained from
equations (11) to (12) as shown in equation (13).

Gy(s) =

10
1+615+602

e—30$ (13)

R(S) +%

Fig 5 Generalized equivalence diagram for anticipatory control
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Step20

Step21 —>[>—>du/dt ‘
Clockz3 Product14
Clock24 Scopel9
¢ i 092 =
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T Fcn28 Delay19
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Gain2g Integratorll
- 092 |_
b 1445 1]
Transport Transfer
Delay21 Fcn29

Fig 6 Simulation structure of Smith-PID under predictive compensation for perturbation

In equation (13), G,(s) represents the second-order TCM.
On the ground of the FO and second-order time-delay models,
the disturbance simulation structure of the final generalized
equivalent Smith-PID control under estimated compensation is
shown in Figure 6. Figure 6 shows a Simulink model of a PID
control system combined with a Smith predictor controller. The
model in Figure 6 includes an additional component, namely the
Smith predictive controller compared to the standard PID
control system model in Figure 4. Through in-depth analysis of
Figure 6, the response speed of the system to external
disturbances will be improved after the introduction of Smith
predictive controller, while the overshoot will be significantly
reduced. This is mainly due to the superior performance of the
Smith predictive controller. This effectively reduces the
negative impact of latency on system performance by predicting
the impact of latency and adjusting the output of the PID
controller accordingly. Specifically, the Smith predictive
controller can reflect the future behavior of the system in
advance of the control action, so that the controller can adjust
its output more sensitive and timelier to adapt to changes in the
actual process. Therefore, Figure 6 not only proves the
feasibility of Smith-PID control strategy in theory, but also
shows its important contribution to improving the anti-
interference ability and control accuracy of the system in
practice.

4. Experimental results of Smith-PID controller

Simulation tests were conducted on the Matlab platform to
show the effectiveness of the control scheme. The standard PID
control and Fuzzy-PID control (Fuzzy-PID) were chosen as the
comparison methods. First, the control effects of different
control schemes in FO and second-order problems were tested.
Then the advantages of Smith-PID control were further verified
in different seasons combined with practical problems.

4.1 Simulation test results of FO and second-order time-delay
automation control model

First, the control performance of three different control
schemes was tested in an FO and second-order TCM.
Simulations were conducted in the same equipment
environment to eliminate experimental equipment errors. The
experimental environment configuration for this study is shown
in Table 1. Table 1 shows the computer configuration for this
simulation experiment. Firstly, the tuning effects of three
different PID control methods were compared. Meanwhile, the

Table 1

Configuration of the experimental environment
Components Norm
Processor Intel Core i7-9700K
Memory 16 GB DDR4
Hard drive 512 GB SSD

NVIDIA GeForce GTX 1660
Windows 10 Professional
MATLAB R2021a
Simulink

Graphics card
Operating system
Simulation software
Simulation tools

PID tuning response curves of different control methods under
temperature and humidity disturbance conditions were
obtained as shown in Figure 7.

Figures 7 (a) and 7 (b) show the tuning response curves of
PID, Fuzzy-PID, and Smith-PID under temperature and
humidity disturbances, respectively. From Figure 7, Smith-PID
control strategy was faster than PID and Fuzzy-PID when it
reached steady state, which indicated that Smith-PID had faster
response speed and higher efficiency. Specifically, Smith-PID
was 116 seconds faster than Fuzzy-PID and 259 seconds faster
than traditional PID to reach a stable state in the temperature
control. In the humidity control, shorter setting times were also
shown. This result highlighted the superior performance of
Smith predictive controller when dealing with time-lag effects.

Figure 8 shows the effect of three control methods on
external temperature and humidity disturbances under an FO
time-delay model. For the temperature control, Smith-PID took
only 8 seconds to return to the preset 25 °C compared to 15
seconds for Fuzzy-PID and 19 seconds for conventional PID.
The results for humidity control were similar, showing that
Smith-PID was far more resistant to external disturbances than
the other two methods. This ability to react quickly was critical
to ensuring the comfort and stability of the indoor environment.

In Figure 9 (a), when a temperature disturbance was
applied to the second-order time-delay system from the outside
at 60 seconds, the PID, Fuzzy-PID, and Smith-PID control
methods fluctuated for 15 seconds, 12 seconds, and 4 seconds,
respectively, before the temperature control was restored to
stability and reaches the preset 25 C. In Figure 9 (b), when a
humidity disturbance was utilized for the second-order time-
delay system from the outside at 60 seconds, the PID, Fuzzy-
PID, and Smith-PID fluctuated for 19 seconds, 18 seconds, and
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3 seconds, respectively to restore stable relative humidity. In
Figure 9, the Smith-PID control method still significantly
reduced the adjustment time in the face of more complex
system dynamics. In particular, in humidity control, Smith-PID's
adjustment time of 3 seconds was much faster than Fuzzy-PID's
18 seconds and PID's 19 seconds. This demonstrated its

potential advantages in improving system damping and
reducing overshoot, which was particularly important in
applications where precise control of complex systems was
required.

Table 2 presents the parameter comparison of three control
methods under FO and second-order time-delays. According to

Table 2
Parameter variations of the three PID controls with first and second-order time lags
Delay phase Comparison parameters Smith-PID Fuzzy-PID PID
Over-adjustment amount 0.01 0.12 0.26
FO time Temperature adjustment time/s 16 23 31
delay
Humidity adjustment time/s 14 18 26
Over-adjustment 0.18 0.24 0.35
SeF ond-order Temperature adjustment time/s 3 24 29
time delay
Humidity adjustment time/s 13 19 22
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Table 2, the overshoot, temperature adjustment time, and
humidity adjustment time of Smith-PID were 0.01, 16s, and 14s,
respectively, under the FO time-delay. The overshoot,
temperature adjustment time, and humidity adjustment time of
Fuzzy-PID were 0.12, 23s, and 18s, respectively. The overshoot,
temperature adjustment time, and humidity adjustment time of
PID were 0.26, 31s, and 26s, respectively. The temperature
regulation time, and humidity regulation time of Smith-PID
were 0.18, 3, and 13 seconds, respectively, under second-order
time-delay, the overshoot. The overshoot, temperature
regulation time and humidity regulation time of Fuzzy-PID were
0.24, 24, and 19 seconds, respectively. The overshoot,
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temperature regulation time, and humidity regulation time of
PID were 0.35, 29, and 22 seconds, respectively. In summary,
the proposed control method had a smaller overshoot and a
shorter system adjustment time when controlling temperature
and humidity.

4.2 The application effect of Smith-PID control in actual AC systems

This study selected the AC system of a certain office
building as the test object to demonstrate the advantages of
Smith-PID controller in automatic temperature and humidity
control in actual building AC systems. Then days from four
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Table 3
Fluctuation values of control accuracy of different control schemes
Season Fluctuation of accuracy Smith-PID Fuzzy-PID PID
Temperature control accuracy (+°C) 0.02 0.12 0.25
Spring
Humidity control accuracy (£%) 0.11 0.36 0.53
Temperature control accuracy (+°C) 0.03 0.09 0.21
Summer
Humidity control accuracy (£%) 0.08 0.31 0.57
Temperature control accuracy (+°C) 0.01 0.07 0.18
Autumn
Humidity control accuracy (£%) 0.06 0.42 0.54
Temperature control accuracy (+°C) 0.02 0.10 0.26
Winter
Humidity control accuracy (£%) 0.13 0.45 0.61

seasons: spring, summer, autumn, and winter were selected for
testing. This study recorded the optimal perceived temperature
and humidity of the AC system from 9am to 5pm for four days.
Then the automatic control effects of PID, Fuzzy-PID, and
Smith-PID control schemes in the AC system were compared,
as shown in Figure 10.

Figures 10 (a) and 10 (b) show the effects of three control
schemes on spring temperature and humidity control,
respectively. From Figure s 10 (a) and 10 (b), the highest
temperature of three control methods of PID temperature
control: Smith-PID, Fuzzy-PID, and PID in the spring was
25.6 °C, 25.1 °C, and 26.2 °C, respectively. The highest humidity
value of the humidity control in spring was 40.2%, 41.1%, and
42.1%, respectively. Figures 10 (c) and 10 (d) show the effects
of three control schemes on summer temperature and humidity
control, respectively. In Figure s 10 (c) and 10 (d), the highest
temperature of three control methods of PID temperature
control: Smith-PID, Fuzzy-PID, and PID in summer was 25.3 °C,
25.6 °C, and 25.8 °C. The high humidity value of the humidity
control in summer was 43.2%, 41.3%, and 44.9%, respectively.
Figures 10 (e) and 10 (f) show the effects of three control
schemes on autumn temperature and humidity control,
respectively. In Figures 10 (e) and 10 (f), the maximum
temperature of Smith-PID, Fuzzy-PID, and PID control methods
in autumn temperature control was 25.5°C, 24.8°C, and 25.3°C,
respectively. Meanwhile, the maximum humidity value in
autumn humidity control was 43.4%, 44.8%, and 43.8%,
respectively. Figures 10 (g) and 10 (h) show the effects of three
control schemes on temperature and humidity control in winter,
respectively. From Figures 10 (g) and 10 (h), the highest
temperature of three control methods of PID temperature
control: Smith-PID, Fuzzy-PID, and PID in winter was 24.8 °C,
25.8 °C, and 25.3 °C. The highest humidity value of the humidity
control in winter was 38.1%, 44.2% and 43.0% respectively. In
Figure 10, during the four seasons, the temperature and
humidity values controlled by the Smith-PID controller were
closest to the optimal perceived temperature and humidity
between 9:00 and 17:00 every day. The control effects of the
three control schemes were Smith-PID>Fuzzy-PID>PID.

To further analyze the advantages of the Smith-PID control
scheme, a further comprehensive observation of the data in
Figure 10 showed that whether it is spring, summer, fall, or
winter, the Smith-PID control scheme could adjust the AC
system in a short time to achieve the optimal perceived
temperature and humidity, and the fluctuation is minimal. This
phenomenon shows that Smith-PID control scheme can
effectively adapt to the fluctuation of indoor and outdoor
temperature and humidity in the environment of different
seasons, and ensure the comfort of indoor environment. In
addition, the Smith-PID controller not only had a fast response
speed through the in-depth analysis of the four seasons data, but

also achieved more accurate temperature and humidity control
while ensuring energy efficiency, which was of great
significance for improving the energy-saving performance of the
AC system.

Table 3 shows the fluctuation values of control accuracy
under different control schemes. From Table 3, when the AC
system ran in spring, the fluctuation values of temperature
control accuracy of Smith-PID, Fuzzy-PID and PID control
schemes were 0.02°C, 0.12°C and 0.25°C, respectively, and the
fluctuation values of humidity control accuracy of the three
schemes were 0.11%, 0.36%, and 0.53%, respectively. In
summer, the accuracy fluctuation value of Smith-PID, Fuzzy-
PID, and PID temperature control was 0.03°C, 0.09°C, and
0.21°C, respectively. The humidity control accuracy fluctuation
value was 0.08%, 0.31%, and 0.57%. In autumn, the accuracy
fluctuation value of Smith-PID, Fuzzy-PID, PID temperature
control was 0.01°C, 0.07°C, and 0.18°C, respectively. The
humidity control accuracy fluctuation value was 0.06%, 0.42%,
and 0.54%. In winter, the accuracy fluctuation value of Smith-
PID, Fuzzy-PID, PID temperature control was 0.02°C, 0.10°C,
and 0.26°C, respectively. The humidity control accuracy
fluctuation values were 0.13%, 0.45%, and 0.61%. In summary,
the Smith-PID control scheme had the smallest precision
fluctuation value, which showed that the control result under
this control scheme was closer to the actual value.

Figure 11 shows the satisfaction evaluation of experts on
the control effect of constant temperature and humidity of an
AC system under different control strategies. The results
showed that the Smith-PID control method achieved the highest
satisfaction scores on all indicators, which reflected its superior
performance and user acceptance in practical applications.
Specifically, Smith-PID showed significant advantages in
control accuracy, response speed and system stability
compared with traditional PID and Fuzzy-PID controls. To
further analyze these results, the study compared the
performance of Smith-PID to other advanced control
techniques reported in recent literature. Furizal et al. (2024)
showed that although control strategies using machine learning
technology provided good control effects, they were generally
inferior to model-based predictive control methods in terms of
real-time performance and computational complexity (Shang F
et al. 2022). At the same time, Smith-PID provided an efficient
and low-cost solution due to its structural simplification and
optimization of the prediction mechanism, especially its high
efficilency and accuracy when dealing with systems with
complex time-delay. This was verified by several independent
studies as the key to improving system performance (Zaki O M
etal. 2024).

To sum up, from the satisfaction survey of experts that
Smith-PID control strategy has significant advantages in
improving the performance of AC systems. Combined with
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(c) Satisfaction of Smith-PID control system
Fig 11 Expert satisfaction with different control systems

other research results and practical application feedback results,
the combination of Smith predictive control and PID can
effectively improve the overall efficiency and user satisfaction
of the AC system.

5 Discussion

This paper presents a control strategy based on FDA and
Smith-PID through the in-depth analysis and research of
building air-conditioning system constant temperature and
humidity automatic control. First of all, Figure 7 shows the
tuning response curves of PID, Fuzzy-PID and Smith-PID under
temperature and humidity disturbance. Smith-PID control
scheme can achieve stable temperature tuning response curves
and humidity tuning response curves, respectively, after 153s
and 264s, which takes a shorter time. Second, Smith-PID only
needs 8s and 6s to restore a stable temperature and stable
relative humidity to the AC system when disturbed from the
outside. The realization of parameters of Smith-PID is also
better than PID and Fuzzy-PID under the first and second-order
delay. Figure 10 clearly demonstrates the advantages of Smith-
PID controller compared with traditional PID and Fuzzy-PID
control schemes in maintaining the optimal indoor temperature
and humidity in spring, summer, autumn, and winter. This result
not only demonstrates the efficiency of the Smith-PID control
scheme in dealing with time-delay and nonlinear problems, but
also highlights its potential to ensure user comfort and energy
savings. However, although the method proposed in this study
demonstrates superiority in many aspects, there are still some
limitations and challenges. First of all, the design and
implementation of Smith-PID control strategy is complex,
requiring accurate modeling, and in-depth understanding of the
system. Secondly, the effect of the control strategy largely
depends on the accurate prediction and adjustment of the
system parameters, which may encounter difficulties in practical
application. In addition, this study mainly focuses on a single
building AC system, and fails to consider the mutual
interference and optimization problems that may occur when
multiple systems work together. This study pays more attention
to the development of control strategies rather than single
performance evaluation compared with other studies, such as
the evaluation of the AC performance under constant outdoor
humidity and variable dry bulb temperature described in
reference (Setyawan et al. 2022). Although the intelligent AC

control system based on the Internet of Things in reference
(Zhang 2022) improved energy efficiency and comfort, this
study achieved faster response time and higher system stability
by integrating Smith-PID controller. Although the adaptive
backstepping controller proposed in reference (Furizal et al.
2024) had advantages in ensuring the global exponential
stability of the system state, the Smith-PID control scheme
might be easier to implement and adjust in practical applications.
To sum up, this research successfully develops a new type
of building AC system constant temperature and humidity
automatic control method, and its effectiveness is verified
through experiments. Despite some limitations, these findings
provide valuable insights and references for further improving
and optimizing building AC systems. Future research can
overcome these limitations by expanding the application scope
of control strategies, simplifying implementation processes, and
enhancing system robustness to further improve the
performance and user satisfaction of air-conditioning systems.

6. Conclusion

This study proposed a constant temperature and humidity
control method for building AC systems on the ground of FDA
and Smith-PID to solve the automatic control of constant
temperature and humidity in building AC systems. The
experiment showed that compared to Fuzzy-PID and PID, the
Smith-PID designed in this study had a more stable tuning
response curve under temperature and humidity disturbances,
reaching a stable state after 153 seconds and 264 seconds,
respectively. When temperature and humidity disturbances
were applied to the FO TCM at 60 seconds, Smith-PID only
needed 8 seconds and 6 seconds to recover the preset
temperature and relative humidity under the FO time-delay.
Similarly, Smith-PID only took 4 seconds and 3 seconds to
recover the preset temperature and relative humidity under
second-order time-delay, which took much less time than
Fuzzy-PID and PID. In addition, the overshoot, temperature
regulation time, and humidity regulation time of Smith-PID
under FO time-delay were 0.01, 16s, and 14s, respectively. The
overshoot, temperature regulation time, and humidity
regulation time under second-order time-delay were 0.18, 3
seconds, and 13 seconds, respectively. All indicators were
better than the other two control schemes. In practical
application analysis, Smith-PID performed better than Fuzzy-
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PID and PID in constant temperature and humidity control
during the four seasons. The control effect of Smith-PID was
closer to the optimal sensory temperature and humidity,
achieving the highest expert satisfaction. In summary, the
proposed control scheme had good performance and practical
application effects.

Although this study has achieved remarkable results in the
automatic control of constant temperature and humidity in
building air-conditioning system, there are still some limitations.
First of all, when designing Smith-PID control strategy, this
study is based on some idealized assumptions, such as the
accuracy of system model and the stability of environmental
factors. Building AC systems may be affected by a variety of
unpredictable factors in practical applications, which may affect
the effectiveness of control strategies. Second, the performance
of the Smith-PID controller depends heavily on the precise
adjustment of the parameters. Finding the optimal parameter
configuration can require complex calculations and real-time
adjustments in a dynamically changing environment, which
increases the difficulty of practical applications. In response to
the above challenges, future research can focus on optimizing
system models and increasing their adaptability to better cope
with uncertainties and dynamic changes in the real environment.
More precise and adaptive control strategies can be achieved
by introducing more sophisticated machine learning and
artificial intelligence algorithms. In addition, an intelligent
parameter adjustment mechanism can be developed to monitor
system performance and environmental changes in real time
and automatically adjust control parameters, which will greatly
improve system stability and reduce manual intervention.
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