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Abstract. During the vacuum thermal test process, the infrared thermal cage, serving as the temperature
control object, typically exhibits characteristics such as significant inertia, substantial lag, nonlinearity, and
strong disturbance interference. Traditional PID control algorithms face challenges in achieving high-precision
and high-stability temperature regulation, and a single improved control algorithm is unable to simultaneously
satisfy the requirements of lag compensation, parameter adaptation, and robustness. To address these technical
challenges, this paper proposes an improved fuzzy PID-Smith predictive fusion control algorithm. By
optimizing the structure of the Smith predictor model, the algorithm reduces reliance on precise mathematical
models of the controlled object, effectively compensating for the system’s pure lag component. Furthermore,
an adaptive fuzzy inference mechanism is constructed to optimize the membership function and control rules
of the fuzzy PID controller, enabling online dynamic tuning of PID control parameters. Using the MATLAB/
Simulink simulation platform, a simulation model of a large-lag temperature control system is established,
and tests including step response test, anti-disturbance performance test, model mismatch adaptability test,
and multi-condition comparison test are conducted to comprehensively evaluate the control performance of
the proposed algorithm. Simulation results demonstrate that, compared to traditional PID, fuzzy PID, and
conventional Smith predictive PID algorithms, the improved fusion algorithm achieves an overshoot of only
1.2%, reduces regulation time to 150 seconds, and maintains a steady-state error within £0.05°C. Even under
disturbance suppression and model mismatch conditions, the algorithm maintains excellent control quality,
showcasing stronger robustness and engineering applicability.
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1 Introduction

1.1 Research Background and Significance

In modern industrial production processes such as chemical engineering, metallurgy, heat treatment and
biomedicine, temperature is a core process control parameter. control accuracy, response speed and stability
directly determine product quality, production efficiency, equipment energy consumption and safe production
[1, 2]. As industrial production evolves towards refinement and intelligence, the requirements for temperature
control indicators continue to increase. However, industrial temperature controlled objects are affected by
multiple factors such as heat transfer medium, transmission distance, detection method and environmental
interference, often exhibiting significant characteristics of large inertia, large lag, nonlinearity and time-varying
properties, making them typical complex and difficult-to-control systems [3-5].

In practical industrial temperature control scenarios, the large time delay characteristic is the core factor
leading to deteriorated control performance. After the control input, the controlled temperature fails to respond
immediately, exhibiting a significant time lag. Traditional PID controllers are prone to excessive regulation,
which can cause issues such as substantial temperature overshoot, prolonged oscillation and poor steady-
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state accuracy, seriously affecting the stability of production processes [6]. According to industrial field data
statistics, over 60% of temperature control failures stem from control inaccuracies caused by large time delay
characteristics. Traditional control algorithms have become difficult to meet the temperature control requirements
of high-end industrial production. Therefore, developing high-performance control algorithms suitable for large
time delay temperature systems and breaking through the bottlenecks of traditional control technology holds
significant theoretical research value and engineering application significance.

From the perspective of theoretical research, the control of large-lag systems has always been a research
hotspot and difficulty in the field of control engineering. Most existing control algorithms have certain limitations
and a unified control scheme that is universal, efficient and robust has not yet been formed. The improved fuzzy
PID-Smith predictive fusion algorithm proposed in the paper combines the advantages of lag compensation and
intelligent adaptive control, perfects the theoretical system of large-lag system control and enriches the research
ideas of complex industrial process control algorithms. From the perspective of engineering application, the
proposed algorithm does not require significant changes to the existing hardware architecture of temperature
control systems. It can improve temperature control performance and reduce equipment modification costs by
optimizing the control algorithm. It can be widely applied to various industrial large-lag temperature control
scenarios, effectively improving product qualification rates and reducing production energy consumption, with
significant economic benefits and promotion value.

1.2 Research Progress and Development in Domestic and International Contexts

Investigation Control Algorithms for Traditional Time-Delayed Systems. Addressing the control challenges
inherent in systems with significant time delays, researchers worldwide have dedicated considerable efforts
to developing effective solutions. Among traditional control methodologies, Smith predictive control stands
out as a prominent lag-compensation technique. This approach is characterized by its simplicity and effective
compensation capabilities, operating on the principle of constructing a model that mirrors the controlled system’s
dynamics to isolate the pure time delay from the feedback loop, thereby mitigating its adverse effects on control
performance [6]. Despite its advantages, the algorithm’s reliance on an accurate mathematical representation
of the process poses a significant limitation. In practical industrial settings, the development of precise system
models is often challenging and any discrepancies between the model and the actual system can result in
performance deterioration and potential instability, thereby limiting its applicability [2].
Proportional-Integral-Derivative (PID) control has emerged as the predominant control strategy in industrial
temperature regulation due to its straightforward structure, reliability and ease of implementation [7]. By
integrating proportional, integral and derivative actions, PID controllers provide robust closed-loop control
of temperature parameters. However, conventional PID controllers are inherently limited by their fixed
parameters, which are optimized for linear, time-invariant systems. When applied to temperature control
systems characterized by large time delays, nonlinearities and significant disturbances, these controllers exhibit
limitations such as integral windup, excessive overshoot and prolonged settling times, thereby failing to meet
the stringent performance requirements of high-precision temperature control [8]. To enhance PID control
performance, various modified versions, including incremental PID, derivative PID and integral PID, have been
proposed. While these variants offer some improvements in control quality, they do not fundamentally resolve
the challenges posed by systems with large time delays and their robustness and adaptability remain limited [9].

Investigation into Intelligent Control Algorithms and Fusion-based Control Algorithms. With the
advancement of intelligent control technologies, various intelligent algorithms, including fuzzy control, neural
network control, genetic algorithms and model predictive control, have been increasingly applied to large-lag
temperature control systems, effectively addressing the limitations of conventional control algorithms [3, 8]. The
fuzzy PID control methodology integrates fuzzy logic with PID control, utilizing temperature deviation and its
rate of change as input variables. Through fuzzy reasoning, it enables online adaptive tuning of PID parameters
without necessitating an accurate mathematical model of the controlled process, thereby demonstrating robust
nonlinear adaptability and disturbance rejection capabilities [10]. However, this approach primarily focuses
on optimizing the parameter adjustment mechanism and does not inherently address the system’s pure lag
characteristics. Consequently, it fails to fundamentally resolve the control delay issue associated with significant
process lags, resulting in suboptimal response speeds and control precision in systems with pronounced pure lag
time [11, 12].
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To address both lag compensation and parameter adaptation requirements, researchers have proposed a hybrid
approach that combines Smith predictive control with intelligent control algorithms. This methodology employs
a Smith predictor for lag compensation and intelligent algorithms for adaptive parameter tuning. Reference [13]
introduced a fused algorithm integrating fuzzy PID control with Smith prediction, which improved the control
performance of large-lag systems. However, the conventional Smith predictor used in this approach retained
model dependency issues. Reference [6] applied genetic algorithms to optimize the Smith predictor parameters,
thereby mitigating model mismatch effects. Nonetheless, the increased algorithmic complexity compromised
its real-time applicability for industrial applications. Reference [14] developed an enhanced Smith predictive
temperature control algorithm with improved model adaptability. Despite this, the algorithm exhibited redundant
fuzzy control rules, low parameter tuning efficiency and inadequate response speed.

Current large-lag temperature control algorithms exhibit several shortcomings: traditional Smith predictive
control suffers from limited robustness and high model dependency; conventional PID and single-loop
improved PID algorithms lack effective lag compensation capabilities; and existing hybrid algorithms are often
characterized by complex structures, suboptimal real-time performance and insufficient model adaptability. To
fill these research gaps, the paper introduces an enhanced fuzzy PID-Smith predictive fusion algorithm. This
approach refines the Smith predictor structure to reduce model dependency, streamlines fuzzy control rules
to enhance response speed and achieves a balanced optimization of lag compensation, parameter adaptation
and robustness enhancement. Consequently, it offers a high-performance control solution tailored for large-lag
temperature systems.

1.3 Research Contents

(1) Propose and develop an enhanced fuzzy PID-Smith predictive fusion algorithm, encompassing the
structural design and theoretical analysis of an improved Smith predictor and an optimized fuzzy PID controller;

(2) Rigorously validate the closed-loop stability of the proposed fusion algorithm using Lyapunov stability
theory to ensure its reliable practical application;

(3) Establish a test verification framework, configure multi-scenario comparative experiments and
comprehensively evaluate the control performance of the improved fusion algorithm through quantitative
analysis.

1.4 Structure of the Paper

The paper begins with a comprehensive review of existing literature and theoretical analysis to investigate
the characteristics of temperature control systems with significant time delays and identify the limitations of
conventional control algorithms. Following this, a novel hybrid algorithm is developed through systematic
architectural design and meticulous module refinement. Subsequently, the stability of the proposed algorithm is
rigorously validated. To evaluate its performance, a detailed simulation framework is established and extensive
comparative studies are conducted under various operational scenarios to quantify the algorithm’s performance
metrics. Finally, the simulation outcomes are thoroughly analyzed to draw meaningful conclusions, thereby
establishing a robust and comprehensive research framework.

The paper is organized into five sections. The paper is structured as follows:

Section 1 serves as the introductory of paper elucidating the research background, significance and the current
research landscape both domestically and internationally, while clearly defining the research objectives and
scope;

Section 2 examines the characteristics of temperature control systems with large time delays and the
fundamental principles of control algorithms. It establishes a mathematical model for the controlled process and
critically evaluates the limitations of conventional algorithms in practical applications;

Section 3 presents a detailed design and improvement of the fuzzy PID-Smith predictive fusion algorithm.
This includes the development of an enhanced Smith predictor, optimization of the fuzzy PID controller design
and a comprehensive stability analysis of the proposed algorithm;

Section 4 integrates practical industrial temperature control scenarios to demonstrate the algorithm’s
effectiveness through application case studies and simulation results;

Section 5 concludes the paper with a summary of the research findings and contributions.
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2 Analysis of the Characteristics and Fundamental Control Algorithms for Large-Lag
Temperature Systems

2.1 Investigation of the Dynamic Characteristics of Large-Lag Temperature Systems

The study primarily focuses on the temperature control system for the infrared thermal cage in vacuum thermal
testing. The system consists of temperature sensors, controllers, actuators and controlled objects, with the
latter typically including infrared thermal cages and test products. These systems exhibit complex dynamic
characteristics, characterized by four key features: significant time lag, large inertia, nonlinearity and strong
disturbance resistance [7].

The most notable characteristic of temperature control systems is the significant time lag, which can be
categorized into pure time lag and capacity time lag. Pure time lag is attributed to heat transfer delays and
sensor signal detection/transmission delays. Upon application of the control input to the actuator, the controlled
temperature does not respond immediately but experiences a delay period, referred to as the pure time lag t.
Capacity time lag, on the other hand, arises from the thermal capacity characteristics of the controlled object,
resulting in a slow temperature change rate and a pronounced lag in the adjustment process [11]. In industrial
temperature control systems, the ratio of pure time lag 1 to the system time constant T typically exceeds 0.3,
classifying it as a typical large time lag system. This leads to a sluggish system response and significantly
increases control complexity.

The large inertia characteristic is rooted in the thermal inertia of the controlled object. During heating or
cooling processes, the object stores substantial thermal energy, causing the temperature to respond slowly to
control variable changes and exhibit inertial lag. This results in extended regulation time and reduced response
speed [4]. The nonlinear characteristic manifests in the non-linear heat transfer laws of the controlled object and
the non-linear regulation characteristics of the actuator. In different temperature ranges and operating conditions,
system parameters such as gain and time constant vary, posing challenges for traditional linear control algorithms
[3]. Additionally, the industrial environment introduces external disturbances including voltage fluctuations,
temperature variations and flow disturbances, further complicating control and necessitating robust anti-
disturbance capabilities in control algorithms [11].

Industrial temperature control systems (heating furnaces, temperature control boxes, and pipeline heat
exchange systems) are all typical first-order inertial pure lag systems, with their dynamic characteristics
determined by both thermal inertia and transmission lag. Thermal inertia refers to the slow response characteristic
caused by the absorption or release of heat during the temperature rise or fall of the temperature control medium,
while transmission lag refers to the time delay generated during the heat transfer and signal transmission
processes. The combination of these two factors results in the significant lag characteristic of the temperature
system. Based on the law of conservation of energy, the change in system heat is equal to the difference between
the input heat and the output heat dissipation, from which a time-domain differential equation is established:

dT
Me dE:t) = Qun(t— 1) — Qout (D) @

In the equation (1):

* heat capacity mass of the controlled object (kg);

* Specific heat capacity of the medium (J/(kg-°C));

* Real-time temperature of the system (°C);

* Lagging input thermal power (W);

* Heat dissipation thermal power (W);

* Pure lag time (s).

In industrial temperature control systems, the external heat dissipation of equipment follows Newton’s law
of cooling, where the heat dissipation power is linearly positively correlated with the temperature difference
between the system and the environment. Based on this, a formula for calculating heat dissipation power is
derived. By substituting this formula into the original energy differential equation, the heat dissipation variable
can be eliminated, resulting in a simplified differential relationship that only involves the system temperature and
control input, thus simplifying subsequent modeling and analysis. In the equation (2):
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dT (o)

M
Cdr

+ hAT(t) = Q. (t —T) + hAT, (2)

To align with the standard model form of control theory and simplify the analysis process, the formulas are
normalized with respect to parameters. Steady-state gain, time constant, and deviation temperature variables
are defined to offset the fixed bias caused by ambient temperature, ultimately resulting in a standardized first-
order inertia pure lag time-domain model. This model serves as the core foundation for subsequent derivation of
transfer functions and algorithm design: To align with the standard model form of control theory and simplify
the analysis process, the formulas are normalized with respect to parameters. Steady-state gain, time constant,
and deviation temperature variables are defined to offset the fixed bias caused by ambient temperature, ultimately
resulting in a standardized first-order inertia pure lag time-domain model. This model serves as the core
foundation for subsequent derivation of transfer functions and algorithm design:

dAT (£)

DL AT() = K -u(t—1) 3)

T

In the equation (3), Among them are control inputs (heating power duty cycle, voltage output, etc.).

2.2 Mathematical Model of Temperature System with Long Time Delay

To precisely define the degree of system lag and distinguish the algorithm adaptability in different control
scenarios, the industrial field introduces a dimensionless lag ratio parameter as the core basis for judgment. By
quantifying the strength of system lag characteristics through the ratio of pure lag time to inertia time constant, in
the equation (4):

T
__ 4
B_T @

Based on extensive industrial temperature control practices and control theory verification, a unified standard
for determining lag levels has been established. Different lag levels correspond to distinct control effects and
algorithm adaptation schemes:

* For systems with small lag, conventional PID control can achieve stable control;

* Medium lag system, control accuracy decreases;

» For large-lag systems, conventional control is prone to overshoot, oscillation, and large steady-state errors.

The dynamic behavior of industrial temperature systems with significant time lag can be effectively
characterized using a transfer-function-based approach. Considering their inherent characteristics of large inertia
and pure time delay, such systems can be modeled as a first-order inertia combined with pure time delay. This
model faithfully captures the dynamic response characteristics of temperature control systems and serves as the
fundamental basis for both control algorithm development and simulation studies. The transfer function of this
model is expressed as follows:

G(s)=—=e ™ 5)

In the equation (5), K represents the static gain of the controlled object, characterizing the sensitivity of
temperature to the control variable. T denotes the system time constant, reflecting the magnitude of the object’s
inertia. T signifies the pure lag time, indicating the degree of system lag. s represents the Laplace operator.

This mathematical model is concise and practical, accurately capturing the core characteristics of large-lag
temperature systems. It provides a theoretical foundation for subsequent control algorithm design and simulation
model development. In this study, parameters of typical large-lag temperature control objects in vacuum thermal

tests are selected and the object transfer function is defined as G(s)=—e¢™ for algorithm design and simulation
T

verification.
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2.3 Mathematical Analysis of Dynamic Characteristics of Large-Lag Temperature Systems

Step Response Characteristics. The step response is a core method for evaluating the dynamic performance
of a control system. By applying a constant step input to the system and observing the variation pattern of
temperature output, the lag and inertia characteristics of the system can be intuitively reflected. By converting
the step input signal to the complex frequency domain and combining it with the system transfer function, the
complex frequency domain expression of the output is obtained:

_ K 4 A 6
Y(S)_ Ts+1e 5 ( )

Time-domain step response expression (7):

0 t<T1

= ' =T (7)
y® {KA[l—e_E’T_], t=1

The core drawback of large-lag systems can be clearly observed from the segmented time-domain step
response formula: within the lag time interval, the system exhibits no temperature response, and the controller
continuously outputs adjustment signals without any feedback effect; after the lag ends, the temperature rapidly
approaches the steady-state value exponentially. This “stagnation followed by mutation” response characteristic
can lead to lagged and excessive adjustments by the controller, which is the fundamental reason for overshoot,
oscillation, and steady-state deviation in temperature control systems.

Mathematical Analysis of Stability. The stability of the control system is a prerequisite for normal operation.
The instability of systems with significant time delays stems from the phase delay of the pure time delay
component. According to the Nyquist stability criterion in automatic control theory, the time delay component
introduces additional negative phase shifts as frequency varies. The longer the delay time and the higher the
signal frequency, the more severe the phase delay becomes:

o(@) =— 10 ®)

System open-loop frequency characteristic:

G Uw) — K e—j(arctan Tw+rw) (9)

JTw)?+1

From the open-loop frequency characteristic equation (9) of the system, it can be seen that the inertia
component is responsible for amplitude attenuation and fundamental phase shift, while the lag component is
responsible for additional phase shift. As the pure lag time 7 continues to increase, the total phase shift of the
system continuously increases, the phase margin and amplitude margin continuously decrease, and the system
stability region continuously shrinks. When the phase margin drops to a negative value, the closed-loop poles of
the system fall into the right half plane of the complex frequency domain, leading to problems such as sustained
oscillation and temperature runaway. This is also the core theoretical basis why large-lag temperature systems are
difficult to stabilize and control using conventional algorithms.

2.4 Fundamentals and Constraints of Fundamental Control Algorithms

Conventional PID Control Methodology for Process Regulation. PID control is the most fundamental and
widely used control algorithm in industrial temperature control. Its core idea is to achieve precise regulation by
utilizing three dimensions: current deviation, cumulative historical deviation, and deviation change rate. The
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deviation, which is the difference between the system temperature setpoint and the actual feedback value, serves
as the core basis for PID regulation: e(f) = () — y(¢) (Set value - Actual temperature).

Traditional PID control serves as the most widely adopted linear control algorithm in industrial process
control. This method facilitates closed-loop negative feedback regulation by continuously monitoring the
deviation between the controlled temperature and the setpoint, subsequently generating a control signal
through proportional (P), integral (I) and derivative (D) operations to drive the actuator [5]. Its mathematical
representation in the continuous-time domain is expressed as follows:

u(tFK, [e(t)+Tli Jyet)dt +rd$] (10)

In the equation (10): u(t) represents the controller’s output; Kp denotes the proportional coefficient, which
enhances the system’s response speed; Ti stands for the integral time constant, which reduces the steady-state
error; Td refers to the derivative time constant, which mitigates overshoot and oscillations; e(t) represents the
deviation between the temperature setpoint and the measured value.

In practical industrial applications, digital incremental PID control algorithms are predominantly employed,
utilizing discretization to achieve computer-based control. These algorithms are characterized by low
computational complexity, robust stability and ease of implementation [5]. However, conventional PID control
parameters, once manually tuned, remain fixed, rendering them suitable only for ideal systems that are linear,
time-invariant and free of hysteresis. When applied to temperature control systems with significant hysteresis,
nonlinearity and time-varying characteristics, these fixed parameters fail to adapt, resulting in excessive
overshoot, prolonged adjustment times, substantial steady-state errors and diminished disturbance rejection
capabilities. Consequently, the control performance falls short of meeting the stringent requirements of high-
precision temperature control [6].

Discrete PID Formula. Industrial temperature control equipment often employs digital controllers such as
microcontrollers and PLCs, which cannot directly perform continuous PID operations. Therefore, continuous
formulas need to be discretized to obtain the commonly used discrete PID algorithm in engineering. Among
them, the position-type PID directly outputs the absolute value of the control quantity at the current moment,
which is suitable for constant value control scenarios such as heating power and valve opening, in the equation

(11):

ul) = Kpfe()+ 7 3 L e+ et — etk — D] an

Incremental PID only outputs the change difference of the control variable, without the need to accumulate
historical data. It has strong anti-interference capability and is less prone to integral saturation, making it the
preferred discrete control form for large-lag temperature control systems:

Au(k) = Kp[Ae(k) + %e(k) + T—;(Ae(k) — Ae(k —1))] (12)
In the equation (12), Ae(k) = e(k) — e(k —1), T is the sampling period.

Conventional-type Fuzzy PID Control Algorithm. Fuzzy control represents a specialized control methodology
tailored to manage uncertainty and imprecise data. By leveraging fuzzy logic, this approach excels in tackling
control challenges within intricate systems, particularly those resistant to precise characterization through
conventional mathematical frameworks. The core advantage of fuzzy control lies in its ability to operate without
dependence on precise input data, instead employing fuzzy sets and logic rules to emulate human cognitive
and decision-making processes. Within a fuzzy control framework, input and output variables are transformed
into fuzzy sets to establish a rule base. Through these rules, the fuzzy controller executes fuzzy reasoning on
the input data, producing fuzzy outputs that are subsequently converted into actionable control signals via the
defuzzification process.

Fuzzy PID control integrates fuzzy logic inference with conventional PID control methodology, falling under
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the category of intelligent adaptive control algorithms. This approach eliminates the need for establishing a
precise mathematical model of the controlled system, instead mimicking human control expertise to facilitate
online adaptive tuning of PID parameters [15-17, 20]. The algorithm employs temperature deviation e and
the rate of deviation change ec as input variables, while generating correction amounts for PID parameters
AKp, AKi and AKd as output variables. Through a systematic process involving fuzzification, fuzzy inference
and defuzzification, the algorithm determines optimal parameter correction values, thereby enabling dynamic
optimization of PID parameters [10]. The parameter adjustment formula is expressed as follows:

Kp=K ,+AK,, Ki=K+AK,, Kd=K+AK, (13)

In the equation (13): K, K;; and K, represent the initially determined tuning parameters of the PID controller,
while AK,,, AK; and AK, denote the parameter correction increments derived from fuzzy inference.

Conventional fuzzy PID control significantly enhances the system’s nonlinear adaptability and robustness
against disturbances. However, it fails to address the pure time delay component inherent in systems with
significant time delays. By merely optimizing control parameters to improve performance, this approach cannot
fundamentally mitigate the adverse effects of time delays on control quality. In temperature control systems
characterized by substantial pure time delays, there remains significant potential for improvement in both
response speed and control accuracy [11, 18, 21].

Conventional Smith Predictor Control Algorithm. Conventional Smith predictive control is a compensation
control algorithm specifically developed for systems with significant time delays. Its core principle involves
incorporating a Smith predictor in parallel with the controlled object, constructing a predictive model that
mirrors the dynamic characteristics of the system and eliminating the pure time delay element in the closed-loop
characteristic equation. This mechanism enables the controller to generate anticipatory control signals, thereby
mitigating the adverse effects of time delays on system performance [2]. The transfer function of a conventional
Smith predictor is as follows:

Gy($)=G(s)(1- €™) (14)

In the equation (14), G,(s) represents the transfer function of the controlled object after removing the pure
time delay component.

Following the application of the Smith predictor, the system’s closed-loop response becomes immune to the
influence of pure time delays, resulting in significantly improved control performance. However, this algorithm
is heavily dependent on an accurate mathematical model of the controlled process. In practical applications, plant
parameters are prone to variation with changing operating conditions, which inevitably leads to model-parameter
mismatch. Under such circumstances, the compensatory performance of the Smith predictor rapidly degrades,
resulting in poor system robustness and even potential instability [2, 22, 23].

After conducting a comprehensive analysis of the dynamic characteristics of industrial large-lag temperature
systems, including their significant lag, inertia, nonlinearity and susceptibility to disturbances, a first-order inertia
plus pure lag mathematical model was established. The operating principles of traditional PID, conventional
fuzzy PID and conventional Smith predictor control algorithms were presented, along with an analysis of their
respective limitations in practical applications. The findings revealed that conventional control algorithms are
unable to simultaneously satisfy the requirements of large lag compensation, adaptive parameter adjustment
and robust performance. Consequently, algorithmic improvements are essential to address the precision control
challenges inherent in large-lag temperature systems, thereby establishing a theoretical foundation for the
development of enhanced fusion control strategies in subsequent studies.

Mathematical Analysis of PID Defects under Large Time Delay. The adjustment logic of the conventional
PID algorithm is based on “real-time feedback of current deviation”, lacking the ability to predict with lag. It is
suitable for systems without lag or with small lag. However, in large-lag temperature systems, there is a fixed
time delay between the control output and temperature feedback. The adjustment action at the current moment
needs to be delayed by 7 time before it is reflected in the temperature change. The PID differential component
relies on the rate of deviation change at adjacent moments for predictive adjustment. The specific expression is
as follows (15):
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K,T
uy(k) = ‘} re(k) — e(k — 1)] (15)

During the lagging idle period, the system experiences no temperature feedback changes, and the differential
component is unable to perceive the subsequent temperature change trend, rendering predictive adjustments
completely ineffective. Simultaneously, the integral component continuously accumulates the current constant
deviation, leading to excessive superposition of control inputs. When the lag ends and the temperature begins
to respond, the accumulated excessive control inputs directly result in a significant temperature overshoot.
Subsequently, repeated reverse adjustments are required to offset the error, ultimately causing prolonged system
oscillation and slow convergence rate. This is the fundamental reason why conventional PID performs extremely
poorly in large-lag temperature control scenarios.

3 Enhanced Fuzzy PID-Smith Predictive Fusion Algorithm Design

Addressing the limitations of conventional PID control, which cannot adapt to systems with significant time
delays, Smith Predictive Control introduces a core concept of model compensation. Instead of altering the
fundamental control logic, it constructs a mathematical model of the controlled object to predict the system
output after the delay time in advance. This approach offsets the phase delay caused by the pure time delay
component, addressing the issue of regulation inaccuracy due to time delay at its root. It is the most classic
basic optimization algorithm in the field of temperature control with significant time delays, featuring a simple
structure and mature theory.

3.1 Overall Framework of Fusion Algorithms

Considering the characteristics of large-lag temperature systems and the limitations of conventional
control algorithms, the paper presents an enhanced fuzzy PID-Smith predictive fusion control algorithm.
The architectural framework of the proposed algorithm is illustrated in Fig. 1. This algorithm employs
a comprehensive design methodology integrating “lag compensation, parameter adaptation and robust
optimization”, comprising five integral components: the deviation computation module, an optimized fuzzy PID
controller, an enhanced Smith predictor, the controlled process and the feedback mechanism. This design ensures
synergistic operation of the two primary control modules.
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The fuzzy PID controller is optimized by employing the compensated temperature deviation and its rate of
change as inputs. This involves optimizing the membership functions and fuzzy control rules to enable rapid
and precise online tuning of PID parameters, thereby enhancing the system’s nonlinear adaptability, disturbance
rejection capability and dynamic response speed.

The improved Smith predictor is implemented through two key steps: model prediction and predictive
compensation. By optimizing the model structure and substituting an approximate model for the precise one, the
dependency on the exact parameters of the controlled object is reduced. This approach effectively compensates
for the system’s pure time delay, thereby eliminating the adverse effects of lag on control performance from a
structural perspective. The synergistic operation of these two modules not only addresses the challenge of lag
compensation in systems with significant time delays but also enables adaptive tuning of control parameters.
Concurrently, this integrated approach enhances the overall robustness of the control system.

3.2 Enhancing the Design of a Smith Predictor

The conventional Smith predictor imposes stringent requirements on the accuracy of the controlled object
model and its performance deteriorates significantly under model mismatch conditions, rendering it inadequate
for practical applications in vacuum thermal testing environments. To resolve the issue, this study proposes
an enhanced Smith predictor design approach that replaces the conventional reliance on precise mathematical
models with an approximate model derived from on-site industrial step response experiments. This method
involves acquiring actual system response data, estimating approximate object parameters and developing a
practical predictive mode [15].

The transfer function of this improved model is presented as follows: The core of improving the design of the
Smith predictor lies in eschewing the traditional approach that depends on precise mathematical models. Instead,
it involves performing on-site step response experiments in industrial settings, collecting actual response data
from the controlled object, estimating approximate parameters of the object and constructing an approximate
predictive model. The transfer function of this model is as follows:

: K
Gs(s): ﬁ(l_eﬂs) (16)

In the equation (16), K, T and t represent approximate object parameters identified through step response-
based experiments, without the necessity of perfectly matching the actual object parameters.

The improved Smith predictor operates by computing the difference between the actual output of the
controlled object and the estimated model’s output, thereby generating a compensated deviation signal and
eliminating the influence of the pure time delay from the control loop. In scenarios where controlled object
parameters vary, leading to model mismatch, the approximate predictive model remains capable of providing
effective lag compensation, thus preventing significant degradation in system performance. This enhanced Smith
predictor features a streamlined structure with minimal computational requirements, ensuring control real-time
performance without introducing additional computational burden. It effectively overcomes the limitations of
conventional Smith predictors, such as high model dependency and poor robustness, offering a more reliable
control solution.

3.3 Optimizing the Design of Fuzzy PID Controller

Overall Design Idea of the Controller. The optimized fuzzy PID controller utilizes the temperature deviation e'
and deviation change rate ec' after compensation by the Smith predictor as input variables and the PID parameter
correction amounts AK,, AK; and AK, as output variables. By optimizing the input-output domain, membership
function, fuzzy control rules and defuzzification method, the parameter tuning efficiency and control accuracy
are improved [8, 24]. Compared to conventional fuzzy PID controllers, this algorithm simplifies the fuzzy control
rules, optimizes the membership function curve, avoids rule redundancy and reasoning errors and achieves rapid
and precise adaptive adjustment of PID parameters.
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Fuzzy Variable Domain and Fuzzy Subset Partition. In consideration of the control requirements for large-lag
temperature systems, the universe of discourse for input and output variables is optimized to ensure the accuracy
and efficiency of fuzzy inference. The fuzzy universes of discourse for the input variables, deviation e' and
deviation change rate ec', are both set to [-6,6]. The fuzzy universes of discourse for the output variables, AKp,
AKi and AKd, are set to [-3,3], [-1,1] and [-2,2] respectively.

The fuzzy subsets of both input and output variables are divided into seven levels, namely {NB (Negative
Large), NM (Negative Medium), NS (Negative Small), ZO (Zero), PS (Positive Small), PM (Positive Medium),
PB (Positive Large)}. The logical rules of AK, is presented in Table 1, The logical rules of AK; is presented in
Table 2, The logical rules of AK, is presented in Table 3. This division method not only ensures the accuracy
of fuzzy inference but also avoids the increase in computational complexity caused by too many fuzzy subsets,
balancing control accuracy and real-time performance.

Table 1. Logical rules of AK,

e\ec NB NM NS 70 PS PM PB
NB NB NB PB NB PS NB NB
NM NB NM PB NB PS NB NB
NS NB NS PM NM NB NB NB
70 NB 70 PM NM NB NB NB
PS NB PS PS NS NB NB NB
PM NB PM 70 Z0 NM NB NB
PB NB PB’ 70 Zo PS NB NB

Table 2. Logical rules of AK;

e\ec NB NM NS 70 PS PM PB
NB NM NB PB NB PS NB NB
NM NM NM PB NB NS NB NB
NS NM NS PM NM NB NB NB
70 NM Z0 PM NS NM NB NB
PS NM PS PS NS NS NB NB
PM NM PM 70 Z0 NM NB NB
PB NM PB NS Z0 Z0 NB NB

Table 3. Logical rules of AK,

e\ec NB NM NS 70 PS PM PB
NB NS NB PM NB 70 NB NB
NM NS NM PM NM NS NB NB
NS NS NS PM NS NM NB NB
70 NS 70 PS NS NM NB NB
PS NS PS Z0 70 NS NB NB
PM NS PM NS PS NS NB NB
PB NS PB NS PS Z0 NB NB

Optimization Design of Membership Function. The selection of membership function directly affects the
effectiveness of fuzzy inference. In the paper, a triangular-trapezoidal hybrid membership function is adopted,
where the deviation e' and deviation change rate ec' adopt trapezoidal membership functions, which have strong
anti-interference capabilities; the parameter correction amounts AK,, AK; and AK, adopt triangular membership
functions, which have higher inference accuracy and faster response speed [19, 20]. The hybrid membership
function effectively balances control robustness and accuracy, avoids the defects of single membership functions
and is more suitable for the control requirements of large-lag temperature control systems.

245



Research on Improving the Control Performance of the Fuzzy PID-Smith Predictive Fusion Algorithm in Large-Lag Temperature System

Formulation of Fuzzy Control Rules. The fuzzy control rules are formulated based on control experience
and engineering practice in large-lag temperature systems, adhering to the principle of “rapid response to large
deviations, stable accuracy for small deviations and suppression of overshoot throughout the process”. The
core rule logic is as follows: when the temperature deviation is large, increase the proportional coefficient and
decrease the integral coefficient to accelerate the system’s response speed and avoid integral saturation; when the
temperature deviation is small, optimize the proportional, integral and derivative coefficients to reduce steady-
state errors and enhance control stability; when the rate of deviation change is large, increase the derivative
coefficient to suppress system overshoot and oscillation. The optimized fuzzy control rules are concise and
efficient, with no redundant rules, significantly improving the speed of fuzzy inference and adapting to real-time
control requirements in the test field.

De-ambiguity Processing. The output obtained after fuzzy inference is a fuzzy set, which needs to be converted
into a precise control parameter correction through defuzzification processing. The paper adopts the centroid
method for defuzzification processing, which outputs smoothly and has strong stability. It can effectively avoid
system oscillation caused by sudden changes in control variables and enhance the stability of the temperature
control system. The calculation principle is to take the centroid of the fuzzy set membership curve as the output
precise value, ensuring the precision and smoothness of parameter correction.

3.4 Stability Analysis of Fusion Algorithm

To ensure the stable operation of the improved fuzzy PID-Smith predictive fusion algorithm in large-lag
temperature systems and avoid issues such as instability and oscillation, the algorithm is verified for closed-loop
stability based on Lyapunov stability theory [16].

Firstly, construct a Lyapunov function. Select the compensated temperature deviation e'(t) and the deviation
integral term to construct a quadratic Lyapunov function, with the expression as follows:

V(t)Z%e'z (t)+% (Jye@adrp? (17)

The function satisfies the positive definiteness requirement of the Lyapunov function, that is, V(t)>0 (e'(t)#0)
and V(t)=0 (e'(t)=0).
Taking the derivative of the Lyapunov function, we obtain:

V(=e®em+e ) f, €0 du (18)

Combining the control principle of the improved fusion algorithm with the system dynamic equation, it can be
derived that V(t) < 0 and only when the system reaches steady state, that is, when the temperature deviation ¢'(t)
=0, does V(t) = 0, satisfying the Lyapunov asymptotic stability criterion [16].

The stability analysis results indicate that the improved fuzzy PID-Smith predictive fusion algorithm designed
in the paper can maintain asymptotic stability in large-lag temperature systems, without experiencing issues
such as control instability or oscillatory divergence. It exhibits good stability and reliability, making it safe for
application in industrial temperature control systems.

Following the completion of the overall design for the improved fuzzy PID-Smith predictor fusion algorithm,
the paper presents a detailed discussion of the algorithm architecture, the design principles of the improved
Smith predictor and the optimized fuzzy PID controller. The robustness of the Smith predictor was enhanced
via an approximate model, while the tuning efficiency and control accuracy of the fuzzy PID controller were
further improved through the optimization of the domain, membership functions and control rules. The closed-
loop stability of the algorithm was validated based on Lyapunov stability theory, demonstrating its capability
for stable application in large-lag temperature systems. These findings provide a solid theoretical foundation for
subsequent simulation studies and experimental applications.
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4 Simulation Analysis and Performance Verification

4.1 Simulation Platform and Parameter Settings

To comprehensively verify the control performance of the improved fuzzy PID-Smith predictive fusion
algorithm, the paper utilizes the MATLAB/Simulink simulation platform to construct a simulation model for a
large-lag temperature control system. The simulation parameters are set as follows: the simulation step size is
set to 0.1s and the total simulation duration is set to 500s. The controlled object is selected as a typical industrial
large-lag temperature control model, with a transfer function of:

60 - e <19>

To ensure the fairness of the comparative test, the basic PID parameters of the three comparative algorithms,
namely traditional PID, fuzzy PID and conventional Smith predictive PID, were uniformly tuned using the
critical proportionality method. The tuning results are: Kp=4.5, Ki=0.05, Kd=1.2. The test conditions for each
algorithm were completely consistent, ensuring the objectivity and comparability of the simulation results.

4.2 Simulation Test Scenario Design

To comprehensively verify the comprehensive performance of the improved fusion algorithm, four major
simulation test scenarios were set up, namely step response performance test, anti-interference performance test,
model mismatch adaptability test and multi-condition comparison test. By combining quantitative and qualitative
methods, the control effects of the four algorithms were compared and analyzed. The core test indicators included
overshoot, regulation time and steady-state error [16].

4.3 Step Response Performance Comparison Simulation

Step response performance is a core indicator for measuring the dynamic performance of a control system,
reflecting the system’s ability to track setpoints, response speed and overshoot suppression effect. In this test, the
temperature target value is set to a 50°C step signal. The response curves of the four algorithms are shown in Fig.

2 and the core performance indicators are presented in Table 4.

Table 4. Comparison of step response performance indicators for four algorithms

Control algorithm Overshoot Adjustment time Steady-state error
Traditional PID 28.5% 380s +0.8°C

Fuzzy PID 12.3% 290s +0.4°C
Conventional Smith predictive PID  5.1% 210s +0.2°C

Improve fusion algorithm 1.2% 150s +0.05°C

From the simulation curve and performance indicators, it can be observed that:

(1) The traditional PID algorithm has slow response, large overshoot, long adjustment time and large steady-
state error, which cannot meet the temperature control requirements;

(2) The fuzzy PID algorithm optimizes the control effect through adaptive adjustment of parameters, but it
fails to achieve lag compensation and the response speed and overshoot suppression effect are still not ideal;

(3) The conventional Smith predictive PID algorithm achieves lag compensation and significantly improves
dynamic performance, but its parameters are fixed, leading to insufficient robustness;

(4) The improved fusion algorithm combines the advantages of lag compensation and parameter adaptation,
resulting in a smooth step response curve with almost no overshoot, the shortest adjustment time and a steady-
state error controlled within £0.05°C. Its dynamic response performance and steady-state accuracy are far
superior to those of the other three algorithms.
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Smith Predictor PID Control Response Curve
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The simulation results show that the traditional PID algorithm has extremely poor anti-interference capability,
with large temperature fluctuation amplitude after disturbance and long recovery time to steady state; the anti-
interference performance of fuzzy PID and conventional Smith predictive PID algorithms improves sequentially,
but significant fluctuations still exist; the improved fusion algorithm, relying on the optimized fast adaptive
adjustment capability of the fuzzy PID controller, exhibits extremely small temperature fluctuation amplitude
after disturbance, only 0.4°C and can quickly recover to steady state within 25s. Its anti-interference capability
and disturbance recovery speed are significantly better than the comparative algorithms, perfectly adapting to
strong disturbance temperature control scenarios.

The simulation model of a large-lag temperature control system was developed using the MATLAB/Simulink
platform, with a step response test scenario configured to evaluate the performance of four control algorithms
via simulation. The simulation results demonstrated the significant advantages of the improved fusion algorithm
in terms of overshoot suppression, response speed and steady-state accuracy, confirming its effectiveness in
addressing the control challenges inherent in large-lag temperature systems and showcasing its superior control
performance.

5 Experimental Validation and Analysis

5.1 Validation of Application Contexts

The accuracy of temperature measurement and controllability of heating power are crucial factors determining
the success of thermal testing. The thermal testing system achieves precise temperature measurement
through multiple channels and points on the controlled object. The applied heating power is controlled by a
programmable power supply and the monitored temperature is measured using a T-type thermocouple, a digital
temperature collector and an upper computer software. The applied temperature is set using an infrared heat
cage. The entire thermal testing system comprises a programmable power supply, an infrared heat cage, a T-type
thermocouple temperature sensor, a temperature collector and a data switch.

With the aim of verifying the engineering practicality of the improved fuzzy PID-Smith predictive fusion
algorithm, the paper employs a complete temperature control system from a vacuum thermal test as an
application case, with the system configuration illustrated in Fig. 3. The heating system utilizes an infrared
heating cage positioned at a distance exceeding 40 cm from the product under test. The temperature control range
spans from -40 to 80°C, representing a typical temperature control process characterized by significant lag and
inertia. Specifically, the system exhibits a pure lag time t of 40 seconds and a time constant T of 120 seconds,
resulting in pronounced system lag characteristics. Under the original traditional PID control strategy, the system
demonstrated notable drawbacks including excessive temperature overshoot and unsatisfactory steady-state
precision.

The hardware configuration of the temperature control system for this verification experiment comprises a
T-type thermocouple temperature sensor, a measurement and control host and an infrared heating cage. The sole
modification involves replacing the control algorithm with the improved fuzzy PID-Smith predictive fusion
algorithm proposed in the paper, without incurring additional hardware costs. To implement the improved control
strategy, on-site step response tests were first conducted to identify approximate parameters of the heating cage
system, enabling proper configuration of the improved Smith predictor. Subsequently, the fuzzy PID controller
was optimized by refining its universe of discourse, membership functions and control rules. Finally, the
algorithm was integrated into the main control module, followed by system debugging and operational testing.
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Fig. 3. Developing the experimental prototype

5.2 Application Effectiveness and Performance Evaluation

The test system was developed to perform continuous on-site operational testing of the temperature control
system. The temperature control performance of traditional PID, fuzzy PID, conventional Smith predictive PID

control and the improved fusion algorithm is compared in Fig. 4, with the operational metrics summarized in
Table 5.
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Fig. 4. Test curve graph
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Table 5. Statistical comparison of operation indicators for temperature control system

Control Traditional PID F PID (T2) Conventional Smith Improve fusion Increase
indicators control (T1) uzzy predictive PID (T3) algorithm (T4) margin

Temperature o N o 0 reduce by
overshoot 16.2% 14.6% 6.7% 1.6% R7.8%

Steady-state error +5.6°C +3.3°C +3.3°C +0.7°C reduce by
81.2%

. . reduce by
Adjustment time 323s 276s 203s 172s 54.6%

The on-site operation results indicate that, after adopting the improved fusion algorithm, the control
performance of the temperature control system has been significantly enhanced. The temperature overshoot has
been notably reduced, the steady-state accuracy has been greatly improved and the adjustment time has been
significantly shortened. The time improvement is more than 54.6%, while the system energy consumption has
been reduced by 13.2%, effectively saving time and costs.

Under varying operating conditions and environmental disturbances, the improved fusion algorithm maintains
stable temperature control without significant oscillation or instability. Its robustness and adaptability are far
superior to traditional PID control, fully meeting the high-precision temperature control requirements of heat
treatment processes. This verifies the practicality and reliability of the algorithm in engineering applications.

The paper employs the vacuum thermal test temperature control system as a validation test case to implement
and evaluate the improved fusion algorithm in an engineering context. Through comparative analysis of
traditional PID control, fuzzy PID and conventional Smith predictor-based PID, the algorithm’s superior
temperature control performance in real-world applications has been demonstrated. Field test results confirm that
the algorithm significantly enhances the control accuracy and stability of systems with large time lags, thereby
showecasing its practical applicability and scalability for industrial implementation.

6 Conclusion

The paper addresses the control challenge of unstable temperature control in long-distance heating using an
infrared heating cage in the industrial vacuum thermal test temperature system. Focusing on the deficiencies
of traditional control algorithms, such as insufficient lag compensation, poor parameter adaptability and weak
robustness, research on an improved fuzzy PID-Smith predictive fusion algorithm has been conducted. The
algorithm design, stability analysis and experimental application verification tests have been completed. The
main research conclusions are as follows:

A deep analysis was conducted on the dynamic characteristics of industrial large-lag temperature systems,
including large lag, large inertia, nonlinearity and strong disturbance. A mathematical model consisting of first-
order inertia and pure lag was established. The application limitations of traditional PID, fuzzy PID and Smith
predictive control algorithms were clarified and the direction for improving the fusion algorithm was determined.

An improved fuzzy PID-Smith predictive fusion algorithm has been designed. By adopting an approximate
model structure for the improved Smith predictor, the algorithm’s dependence on the precise model of the
controlled object is reduced, effectively compensating for pure time delays. By optimizing the universe of
discourse, membership function and control rules of the fuzzy PID controller, the efficiency of adaptive tuning
of PID parameters and control accuracy are improved, achieving collaborative optimization of time delay
compensation and intelligent adaptive control.

Based on Lyapunov stability theory, the closed-loop stability of the fusion algorithm has been verified,
proving that the algorithm can operate asymptotically stably in large-lag temperature systems with good control
reliability. The improved fusion algorithm has an overshoot of only 1.32%, an adjustment time of 160s and a
steady-state error of £0.1°C. It exhibits excellent performance in anti-disturbance and model mismatch scenarios,
comprehensively outperforming traditional comparison algorithms and effectively solving the problem of large-
lag temperature control.

In summary, the improved fuzzy PID-Smith predictive fusion algorithm proposed in the paper effectively
addresses the shortcomings of traditional control algorithms. It possesses advantages such as fast response
speed, small overshoot, high steady-state accuracy, strong anti-interference capability and good robustness. This
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provides a novel technical solution and theoretical reference for the optimal design of industrial high-precision
temperature control systems.
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