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Abstract

The sintering end temperature serves as a critical process parameter for assessing the completion degree
of the sintering process. Its control system exhibits significant inertia and pure delay characteristics,
making conventional PID controllers struggle to maintain optimal performance under all operating
conditions due to fixed parameters. This paper proposes a fuzzy adaptive PID control strategy that only
adjusts proportional gain and derivative gain online while maintaining constant integral gain. Using the
sintering end temperature as the controlled variable, performance comparisons were conducted with
both a conventional PID controller tuned using Ziegler-Nichols method and the proposed approach
regarding nominal tracking accuracy, output disturbance suppression capability, and model mismatch
robustness. Results demonstrate that the proposed method reduces regulation time by 76.8% under
nominal conditions without steady-state error; achieves maximum temperature deviation of merely 17.7%
compared to conventional PID when subjected to a 25°C external disturbance; and maintains steady-
state error within 0.5°C even under severe mismatch conditions where time constants and pure delay
values increase by 33% and 37.5%, respectively. With its simple structure and strong robustness, this
method provides an effective reference for field-based control of sintering end temperatures.
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1. INTRODUCTION

Sintering is a critical thermal treatment process in metallurgical and advanced materials
manufacturing where precise temperature control governs product quality, energy efficiency, and
operational stability. In the iron and steel industry, the Burn-Through Point (BTP) temperature serves
as the key completion indicator, yet its regulation through trolley speed is challenged by severe inertia,
pure time delays, and nonlinearities. Beyond ferrous metallurgy, sintering temperature dictates the
microstructure and properties of ceramics, battery materials, and alloys. For example, sintering
temperature and carbon content determine the porosity and catalytic activity of polymer-derived SiOC
ceramics, strict control during HET thin-layer construction is essential for pavement durability,
microwave sintering of lithium aluminate ceramics achieves dense functional ceramics, blast furnace
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ferronickel slag can be converted into thermal insulation materials by precisely controlling temperature
between 1000 °C and 1200 °C, temperature control during Spark Plasma Sintering is critical for up-

scaling and complex shaping, and the thermal diffusivity of density-controlled sintered SiC links
sintering conditions to thermal transport properties|1],[2],[3],[4],/5],]6]. These cross-domain demands
motivate robust, adaptive control strategies.

Various control approaches have been explored, from classical PID enhancements to intelligent
and data-driven methods. Intelligent systems using spatial-temporal graph convolutional networks,

fuzzy logic optimized with ANFIS, LSTM-PID combinations, expert-experience-based PLC control,
improved grey wolf optimiser with RBF neural network, and model predictive control for cathode
material sintering have been applied to handle process complexities [7],[8],[9],[10],[11],[12].
Simultaneously, material-focused studies have related sintering temperature to corrosion resistance in
magnesium alloys, microwave dielectric properties in ceramics, densification behaviour in ceramic
cores, and secondary sintering of dedusting ash [13],[14],[15],/16]. Nevertheless, many intelligent
controllers either rely on full three-parameter adaptation risking windup, or lack systematic comparison
under disturbances and model mismatches. Advanced optimal control schemes, while theoretically
appealing, impose heavy computational demands unsuitable for industrial controllers with limited
online update capabilities.

To fill this gap, this paper proposes a fuzzy adaptive PID controller that adjusts only K, and Kj4
online, keeping K; constant, and systematically compares its performance against a conventional
Ziegler—Nichols PID under three typical scenarios. Simulations demonstrate 76.8% reduction in settling

time, superior disturbance suppression (24.98 °C maximum deviation versus 141.03 °C), and robust
steady-state error below 0.5 °C even under 33% and 37.5% increases in time constant and delay,

providing a practically viable reference for sintering temperature control.

2. SINTERING END TEMPERATURE MODEL

The sintering end temperature (Burn-Through Point, BTP) is controlled by adjusting the trolley
speed; this process exhibits significant inertia and pure delay characteristics. Increasing the trolley speed
shortens the heating time of the material layer and lowers the end temperature, demonstrating an inverse
relationship between the two. When linearized near specific operating conditions, the behavior can be
approximated as a first-order inertial plus pure delay model. Using the nominal parameters—static gain
K =15, time constant T = 150 s, and pure delay 7 = 80 s—the transfer function is derived as
follows:

K _ 15 -
e TS = e—80s (1)
Ts+1 150s+1

G(s) =

This model effectively captures the dominant dynamic characteristics of the controlled object and
has been widely adopted in relevant studies [17],[18].

For digital simulation, a sampling period T, =1 s was selected, and the first-order inertial

component was discretized using the zero-order hold method, yielding:
byz~1

(@) = 1+a;z7?

(2)

Where: a; = —eTs/T ~ —0.9934,b, = K(1 — e~ Ts/T) ~ 0.0997.
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The pure lag corresponds to d = t/T; = 80 step delays. The system difference equation is:
y(k) =—a;y(k —1) + bou(k —d — 1) (3)

Here u represents the trolley speed deviation and y the terminal temperature deviation. The
simulation sets the target temperature to 450 °C = 40 °C and the duration to 4000 s. This model will be
used for subsequent controller design and closed-loop simulation.

3. CONTROLLER DESIGN

3.1 Conventional PID controller tuned via Ziegler-Nichols method

A conventional PID controller uses the deviation e(k) between the set sintering end temperature
and the actual output as input, and calculates the control variable u(k) inreal time using the discretized
equation:

e(k)—e(k—1)
T,

k

u(k) = Kye(k) + K; Z e(NTs + Ky 0
j=0

In the formula, Ty =1 s is the system sampling period; K, , K;, and K; represent the

proportional gain, integral gain, and derivative gain, respectively. To limit the output range of the trolley
speed actuator, the control signal output limit is set to [—40,40] [19],]20].

For a typical first-order inertial-plus-pure-delay controlled object model G(s) = % e” ™ inthe

sintering process, the Ziegler-Nichols open-loop step-response method was employed for parameter
tuning, with the following tuning rules [21]:

1.2T
K, =

p F,Ti = 2‘[, Td = 0.57 (5)

Substituting the object characteristics K = 15, T = 150 s, and T = 80 s yields the fundamental
tuning parameters: K, = 0.15, integral time constant T; = 160 s, and derivative time constant T; =

40 s. Further conversion gives the discrete gains: K; = K, /T; ~ 0.00094, and K; = K, - T4 = 6.0.
This simulation experiment adopts fixed ZN-PID parameters: K, = 0.50, K; = 0.001, K; = 3.0.

3.2 Fuzzy adaptive PID controller

3.2.1 Controller structure

The fuzzy adaptive PID controller designed in this paper is composed of two series-connected
modules: a fuzzy inference module and a PID calculation module, as shown in Figure 1.

The fuzzy inference module takes system error e and error change rate ec as inputs, and outputs
real-time correction terms of proportional gain 4K, and derivative gain AK;. The PID module
completes control computation with updated parameters, while the integral gain K; remains constant
throughout the whole process [22],[23].
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Figure 1. Block diagram of the fuzzy adaptive PID controller structure

The integral parameter is free from online adaptive adjustment. This design eliminates steady-state
error of the system, and simultaneously avoids integral saturation, high-frequency oscillation and other
defects induced by continuous dynamic adjustment of parameters.

3.2.2 Fuzzification and membership function design

Input variables e, ec and output correction terms 4K, 4K; of the fuzzy inference system are

uniformly normalized to the unified domain [—1,1]. All variables are divided into seven symmetric
triangular fuzzy subsets: NB (Negative Big), NM (Negative Medium), NS (Negative Small), ZO (Zero),
PS (Positive Small), PM (Positive Medium), PB (Positive Big) [24]. The corresponding membership
function curves are displayed in Figure 2.
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Figure 2. Curves of membership functions for input/output variables

Physical variables are mapped to normalized domain via quantization factors and scaling factors,
whose specific values are listed as follows:

Error quantization factor K, = 1/30, corresponding to actual temperature error range +30 °C;

Error change rate quantization factor K,. = 1/3, corresponding to temperature error change rate
range +3 °C/s;

Output correction scaling factors: Kk, = 0.03, Kpg, = 0.2.

Benchmark PID parameters: K,o = 0.08, Ky = 0.3, fixed integral gain K;, = 0.0008. Under

this setting, the proportional gain varies smoothly within 0.05-0.11, and the derivative gain is slightly
adjusted in the range of 0.1-0.5. Parameters change mildly without triggering system oscillation.

3.2.3 Fuzzy control rules

The core design idea of fuzzy rules is summarized as follows: when the system error is large,
increase 4K, toaccelerate response speed; when the error is small but its change rate is large, properly
reduce 4K, and raise AK; to restrain overshoot and sustained oscillation. Based on the above

principle, a 7x7 two-dimensional fuzzy rule table is established (Table 1), where each cell stores
corresponding linguistic fuzzy values.
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Table 1. Fuzzy control rule table (AK,/AKg)

e\ec NB NM NS Z0 PS PM PB

NB PB/PS PB/PS PM/ZO PM/ZO PS/Z0O ZO/PM ZO/PB

NM PB/NS PB/NS PM/NS PS/NS PS/Z0O ZO/PS NS/PM
NS PM/NB PM/NM PS/NS PS/NS Z0/Z0 NS/PS NS/PM
Z0 PM/NB PS/NM PS/NS ZO/NS NS/ZO NM/PS NM/PM
PS PS/NB PS/NM ZO/NM NS/NS NS/ZO NM/PS NM/PM
PM PS/PM ZO/NS NS/NS NM/NS NM/ZO NB/PS NB/PB

PB ZO/PB NS/PM NM/PM NM/PS NB/ZO NB/PS NB/PB

The Mamdani fuzzy reasoning method is adopted for rule operation in this work. Take the first rule
in the table as an example, its logical expression is:

IF e is NB AND ecis NB
THEN AK|, is PB AND AKj is PS

()

3.2.4 Online parameter updating and fuzzy output surface

In each sampling cycle, the fuzzy inference unit first quantifies the collected error e and error
change rate ec, calculates normalized correction increments 4K, (k) and AKy(k); then converts
them into actual correction values by output scaling factors, and updates real-time proportional gain K,
and derivative gain K; [25]. The updating formulas are given by:

K, (k) = Kyo + Kak, “AKp(k), Kq(k) = Kgqo + Kag, - AKg (k) (8

The integral gain remains constant as K;(k) = K;o all the time. Substitute updated K, (k), fixed
K;o and K;(k) into Equation (5) to obtain the controller output at current sampling moment.
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Figure 3. Fuzzy AK, output surface

To intuitively reflect the nonlinear regulation characteristic of fuzzy inference, Figure 3. draws the
3D output surface of AK,, varying with error e and error change rate ec. The surface distribution
conforms to control design logic: when both error and error change rate are PB, 4K,, turns to NB,
which automatically decreases proportional gain to suppress overshoot; when error is NB, 4K,
becomes PB to strengthen control action rapidly and eliminate large deviation. It realizes the control
target of "fast regulation for large deviation and stable convergence to set value".

4. SIMULATION EXPERIMENTS AND RESULT ANALYSIS

4.1 Simulation settings

To comprehensively compare the control performance of the ZN-PID controller and the fuzzy
adaptive PID controller, three sets of closed-loop simulation experiments—step-response tracking
under the nominal model, disturbance rejection under steady-state conditions with a sudden output
perturbation, and robustness verification under model parameter perturbations—were conducted on the
MATLAB/Simulink platform using the first-order plus dead-time model of the sintering end-point
temperature established in Chapter 2 (model parameters: gain K = 15, time constant T = 150 s, dead
time T = 80 s, with a uniform simulation setup of a total duration of 4000 s, a sampling period of 1 s,
and a temperature setpoint of 450°C; the quantitative evaluation indices cover dynamic and steady-
state performance (overshooto, settling time t; withina +2% error band, and steady-state error eg;)
as well as disturbance rejection capability (maximum dynamic deviation Ay,.x and recovery time

trec)-

4.2 Step response under nominal operating conditions
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Figure 4. Step response curve under nominal operating conditions

Even at the simulation cutoff time (4000 s), the system fails to enter a steady-state region; the
regulation time is recorded as 3999s, with persistent steady-state error observed.

Table 2. Comparison of performance under nominal operating conditions

Metric ZN-PID Fuzzy adaptive PID
Overshoot 6/% 21.7 28.0

Settling time tg/s 3999 928

Steady-state error egs/ °C 0.26 0.00

The analysis of the curve in Figure 4 and the quantitative data in Table 2 shows that the overshoot
of the ZN-PID controller is slightly lower (21.7%), but its setpoint gain +20.26,° Cis excessively

aggressive, causing sustained oscillations of constant amplitude throughout the entire system operation.

Even at the simulation cutoff time (4000 s), the system fails to enter a steady-state region; the regulation
time is recorded as 3999s, with persistent steady-state error observed.

The fuzzy adaptive PID achieves a peak overshoot of 28% during the initial step phase, yet
converges smoothly to the target temperature in just 928 seconds with zero steady-state error. This is
primarily due to the fuzzy inference mechanism's ability to dynamically reduce the proportional gain
and enhance differential damping when output approaches the setpoint, effectively suppressing
subsequent sustained oscillations. By balancing dynamic responsiveness and steady-state stability, the
fuzzy adaptive PID outperforms the fixed-parameter ZN-PID significantly in overall control

performance.

4.3 Noise immunity performance

At the 2500th second of the simulation, a step-amplitude +25, °Cdisturbance was applied at the
system output to simulate transient measurement jump disturbances in sintering exhaust gas temperature.
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Figure 5. Localized magnified curve of disturbance conditions (2300-3100 s)

The output response curves of the two controllers are shown in Figure 5, while the quantified
disturbance resistance metrics are presented in Table 3.

Table 3. Comparison of anti-interference performance

Metric ZN-PID Fuzzy adaptive PID
Maximum deviation Ay,../ °C 141.03 24.98
Recovery time / tyec 89 97

As shown in Table 3, under the same external disturbance, the maximum temperature deviation of
ZN-PID reaches 141.03 °C (about 5.6 times the disturbance magnitude), and it still requires 89 s of
oscillation attenuation to return to the steady state after the disturbance is removed. In contrast, the
fuzzy adaptive PID shows a much smaller maximum deviation of only 24.98°C, and its recovery process
is smooth without secondary oscillations. This difference arises because, with the nominal parameters,
ZN-PID operates near the critical stability boundary, where external disturbances can easily trigger large
sustained oscillations; the fuzzy adaptive PID, however, adjusts its parameters online in real time,
increases system damping, and effectively suppresses output-side disturbances.

4.4 Robustness of the model parameters under perturbations

During actual sintering operations, real-time variations in material layer thickness and sinter
permeability cause the object time constant T = 200s and pure lag parameter T = 110s to deviate
from their nominal values. To verify the controller's robustness, the model parameters were adjusted;
both controllers retained the original control parameters calibrated under nominal operating conditions.
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The step-response curves and performance metrics are shown in Figure 6 and Table 4, respectively.

Table 4. Performance comparison under model perturbations

Metric ZN-PID Fuzzy adaptive PID
Overshoot 0/% 329 30.7
Adjustment tsTime /s 3999 2110
Steady-state eggerror / °C 22.02 0.43

After model mismatch, the overshoot of ZN-PID increased to 32.9%, accompanied by a large
steady-state error of 22.02 °C and persistent oscillations throughout the process, which completely
failed to meet the requirements of sintering end-point temperature control. In contrast, the overshoot of
the fuzzy adaptive PID rose only slightly to 30.7%, with a settling time of 2110s and a very small
steady-state error, showing much less performance degradation than ZN-PID. This is because fuzzy
control does not rely on an accurate mathematical model of the plant; instead, it dynamically adjusts

the control parameters based solely on the real-time error and its rate of change, thereby maintaining

satisfactory dynamic and steady-state performance even under significant parameter variations and

exhibiting outstanding robustness.

4.5 Analysis of the fuzzy adaptive mechanism

To elucidate the underlying mechanisms behind the performance differences between the two types
of controllers, Figure 7. shows the controller output response curves under nominal operating

conditions.
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Figure 7. Comparison of control signals under nominal operating conditions

The control quantity curve in Figure 7. shows that the ZN-PID control signal enters a saturation
region during the initial response phase, exhibiting frequent alternating positive and negative values
throughout—directly causing sustained oscillations in system output. In contrast, the fuzzy adaptive
PID controller flexibly adjusts its output based on the system's dynamic state, rapidly stabilizing to a

constant minimum value after approaching steady-state, thereby preventing ineffective control-induced
energy fluctuations.

5. CONCLUSION

This study addresses the large inertia and pure lag characteristics of sintering end temperature by
developing a first-order inertial-plus-pure-lag model, and subsequently designing both a ZN-PID
controller and a fuzzy adaptive PID controller that only adjusts the parameters (K,, and K;) online.

The results demonstrate that the fuzzy adaptive PID achieves a settling time of merely 928 seconds
under nominal conditions, 76.8% shorter than that of the ZN-PID, and exhibits no steady-state error;
when subjected to an external disturbance of 25 °C, the maximum temperature deviation is only 24.98 °
C, significantly lower than the 141.03 °C observed with ZN-PID; even under severe model mismatch
conditions where the time constant and pure lag are increased by 33% and 37.5%, respectively, it
maintains a steady-state error below 0.5 °C and excellent dynamic performance, showcasing
remarkable robustness.

The proposed control strategy features a simple structure and easy engineering implementation, as
it only requires online adjustment of two parameters (K,, and Ky) while keeping the integral gain
constant, thereby avoiding integral windup and reducing computational overhead. This lightweight
design can be readily deployed on standard industrial controllers such as PLCs or DCS without
demanding high-performance computing resources or extensive model identification. The
comprehensive simulation results across nominal, disturbed, and model mismatched conditions provide
clear and practical guidance for commissioning and tuning in real sintering plants, confirming that the

method can effectively overcome the process’s inherent large inertia and delay with minimal
engineering effort.
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