Self-tuning control of steam sterilizer temperature based
on fuzzy PID and IPSO algorithm

Wenzheng Zhai!, Liangwei Dong?, Yueli Hu?

ISchool of Cyberspace Security, Changzhou College of Information Technology, Changzhou, China
2School of Electronic Information and Electric Engineering, Changzhou Institute of Technology,
Changzhou, China

3Microelectronic R&D Center, Shanghai University, Shanghai, China

ICorresponding author

E-mail: 'wzhaid@ccit,js.cn, 251283188@qq.com, Shuyueli@shu.edu.cn

Received 1 April 2024, accepted 1 July 2024, published online 20 July 2024 W) Check for updates
DOI https://doi.org/10.21595/jme.2024.24134

Copyright © 2024 Wenzheng Zhai, et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. A time-varying process with nonlinearity and time lag is the temperature control of
pulsing vacuum steam sterilization. In order to achieve efficient and accurate control
requirements, conventional PID temperature control algorithms sometimes display slow response
speed, severe overshooting, unstable performance, and other challenges that ultimately affect the
sterilizing effect. In order to find the ideal steam sterilization temperature control settings
iteratively, this research used the PSO algorithm. Simulating and analyzing the system model is
done simultaneously using fuzzy control of the PID parameter adaptive modification. According
to the results, there is no overshooting and the response speed approach is faster. This paper
presents an approach to fuzzy PID control based on the PSO optimization algorithm. As a result
of fuzzy adaptive PID's high control accuracy and quick response time, the PID parameters are
also continuously optimized utilizing the PSO approach for steam sterilization temperature
control. For the purpose of doing simulation analysis, create and modify a system model. As
evidenced by the results, this strategy has a reduced overshoot, a faster response time, and better
stability. It may also successfully boost the control effect. Eventually, this method was applied to
a self-tuning PID control experiment for sterilizer temperature control, and a relatively optimal
control effect was obtained.

Keywords: vacuum steam sterilization, tuning of steam temperature, improved PSO, fuzzy
proportional-integral-differential, parameter optimization.

Nomenclature

PSO Particle swarm optimization

IPSO Improved particle swarm optimization
ITAE Integral time and absolute error

A/D Analog/Digital

ADC Analog to digital converter

SPI Serial peripheral interface

PWM Pulse-width modulation

1. Introduction

Disinfection and sterilization are highly valued by people as illnesses like SARS and influenza
spread around the world. By denaturizing all bacteria’ proteins and enzymes at high temperatures,
sterilization technology kills the microbes [1-2]. In order to fully sterilize objects, the pulsating
vacuum sterilizer employs saturated pressure steam as the sterilizing medium. It does this by
releasing latent heat from the steam's high pressure and high heat. One of the most significant
functions of contemporary sterilization equipment is effective sterilization, which is a rather
sophisticated sterilization method utilized in big and medium-sized hospitals, pharmaceutical
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companies, and scientific research.

German MELAG, Swedish GETINGE, Italian JUST, Austrian Bmax, and Israeli Tuttnauer
are some of the top brands of sterilizing goods [3-6]. Both the high cost and great technical
performance of these goods are well recognized. High-performance and high-precision medical
sterilizers are becoming increasingly important as the need for sanitizing medical equipment
Srows.

A steam generator, vacuum pump, water supply pump, sterilizing chamber, and other parts for
insulation, temperature control, and measurement make up the steam sterilizer’s major parts.
Internal to the chamber are pressure and temperature sensors. As seen in Fig. 1, the steam
sterilizer’s construction.

The steam sterilizer utilizes a mechanical forced pulsating vacuum degassing method [7]. This
involves repeated vacuuming and injection of high temperature steam to create a certain level of
vacuum in the sterilization chamber. Saturated steam is then injected to reach the desired pressure
and temperature for effective sterilization.
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Fig. 1. Structural diagram of the pulse vacuum steam sterilizer

Four steps make up a comprehensive vacuum steam sterilization process, as required by
sterilization process requirements: pulsing pre-vacuum, temperature and pressure adjustment,
constant temperature sterilization, and vacuum drying. The pressure variations throughout each
stage of the sterilizing process are depicted in Fig. 2.
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Fig. 2. Graphical representation of a steam sterilization cycle

Pulsating Pre-vacuum Stage: three alternates of evacuation and steam delivery occur. The
steam generator’s valve is opened to allow saturated water vapor to enter the chamber, raising the
pressure inside, each time the pre-vacuum achieves the predetermined pressure and time
parameters. Until a parameter value just over atmospheric pressure is obtained, this process is
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repeated.

Heating and Pressurization Phase: the temperature and pressure within the chamber will
increase as steam is continuously introduced, eventually reaching 2.1 bar and 134 °C.

Sterilization Stage: for 20 minutes, the temperature and pressure must remain above 134 °C
and 2.1 bar, respectively. A negative pressure is produced in the sterilizer chamber by regulating
the heater and the vacuum pump. This enables the steam to enter the chamber fast and sanitize the
interior of the object.

Drying Stage: the drying stage starts when the sterilization step is finished and the pressure is
released. The product is dried rapidly using vacuum to assure the drying effect, and the chamber
is simultaneously vented and pressure compensated at the end of the drying stage.

High-temperature, high-pressure saturated water vapor is used for sterilization in the pulsing
vacuum pressure steam sterilization control system. Significant hysteresis, significant inertia, and
one-way temperature and pressure increases are features of the steam pressure and temperature
control. Among these, the sterilization room's heating and constant temperature sterilization stages
are crucial to the overall process. The interior of the sterilized items may not meet the requirements
for sterilization if the temperature rises too quickly during the work. In addition, even though the
temperature of the superheated steam is high, it cannot condense into water when it comes into
contact with sterilized items and cannot release latent heat, which is bad for sterilization and leads
to the wet pack problem.

The sterilizer controlling parameters are heated by the resistance wire, while the sterilizer's
cooling process is based on the ambient natural cooling process. Thus, it is difficult to develop an
accurate model using mathematical techniques and to achieve an effective control effect using
typical control methods. Conventional PID controllers have trouble controlling uncertain models
and nonlinear time-varying systems [8]. As a result of the extensive analysis of pulsating vacuum
sterilization systems, intelligent controllers are beginning to become a prominent area of research.

Pany, C. et al. [9] discuss the use of time series mathematical model simulations and output
generations for river flow prediction, which provides more accurate and reliable prediction and
decision-making support for flood early warning, drought prevention water resource management,
and provides a reference for steam prediction control based on neural network control.

Fuzzy control technology can mimic human thought processes and make decisions based on
fuzzy [10], uncertain data in order to successfully establish control. PID control and fuzzy control
work together to continuously modify and adjust the PID parameters. This effectively avoids the
influence of parameter setting on the control process and control results, fully utilizes the benefits
of these two algorithms, and enhances the system’s control performance.

Fuzzy PID control is created by combining the fuzzy algorithm — which is introduced in the
work — with traditional PID control. Lian L [11] proposed a fuzzy PID controller and applied it to
the main steam temperature control, which achieved good control effect, but the fuzzy rules could
not be changed after being determined by the expert experience, resulting in poor controller
performance.

PID self-tuning is a tuning strategy that computes PID parameters automatically by identifying
the characteristics of the process that has to be managed. However, fine-tuning the PID controller's
parameters takes a lot of time and energy [12-13]. Liu [14] developed a self-adjusting fuzzy PID
algorithm capable of adapting to intricate variable temperature control systems.

In 1995, R. C. Eberhart and J. Kennedy proposed a global optimization algorithm based on the
evolution of population intelligence-Particle Swarm Optimization (PSO) [15], which has the
advantages of simple implementation, fast convergence, and high solution quality [16], and has
achieved excellent results in the optimal solution of objectives in the fields of scientific
computation and engineering applications.

n [17], the PSO algorithm optimizes the fuzzy self-tuning PID controller parameters of the
superheated steam temperature control system. However, it is prone to local optimization [18],
which negatively impacts algorithm performance and leads to optimized parameters that are not
precise.
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This work presents an improved particle swarm optimization (IPSO) based self-tuning fuzzy
PID temperature control approach to address this issue. With the fitness function of PSO being
the complete evaluation index ITAE (Integral of Time and Absolute Error), the fuzzy PID
controller performance is enhanced by optimizing key settings. Second, the intelligent PID
algorithm was effectively used to the sterilization chamber's steam temperature management,
yielding positive outcomes. A self-tuning fuzzy PID controller was utilized to regulate the
temperature of the pulse vacuum sterilizer in real time.

2. PSO optimized fuzzy PID sterilizer temperature control algorithm design

This study uses the PID controller design to regulate the sterilizer chamber temperature. The
algorithm used for PID control is:

de(t)
dt ’

u(t) = Kpe(t) + Klf e(t)dt + K, €))

4

where e(t) is the difference between the current output value and the setpoint, u(t) is the
controller output function at time t. K, is the proportional coefficient, K; is the integral time
constant, K is the differential time constant. The controller adjusts the gain values of these three
units.

The proportional coefficient K,, affects the strength of the control action [19]. If K, is
increased appropriately, the control effect can be strengthened, the system response speed can be
improved, the response time can be shortened and the system static error can be reduced [20].
However, if K, is too large, the stability of the system will deteriorate. The function of the integral
coefficient K; is to reduce the system residual error. If K; is too large, the response speed of the
system will decrease, the overshoot of the system will increase and the stability of the system will
deteriorate. The function of the differential coefficient K is to reduce the overshoot of the system,
overcome oscillations and stabilise the system.

Usually, the tuning of the PID controller parameters consists of tuning these three parameters
or some of them [21]. In the field of industrial control, common tuning methods include critical
proportional method and damping curve method, but these methods are less effective for highly
coupled and highly nonlinear systems [22-23]. With the development of computer technology and
intelligent control method research, more and more intelligent control methods are being
introduced into PID control to determine parameters, which improves the control effect of the
controller to a certain extent.

The fuzzy PID control system is a cascade control system formed by combining fuzzy control
and ordinary PID control. Its principle is that the controller first processes the exact amount of
deviation e and deviation change rate e, through fuzzy processing, and then uses the membership
function to make e and e, fall into the corresponding discourse domain and are given fuzzy
language values, and then fuzzy reasoning is performed through fuzzy rules. Finally, the obtained
results are defuzzified through the scale factor to obtain AK,, AK;, AK,, correcting the three
characteristic parameters Ky, K;, K; of PID, that is:

Koy = Kpn-1) + AKpm), (2)
Kitny = Kitn—1) + Ky, 3)
Kamy = Kan-1) + AKgm), 4)

where Kpn—1y, Kitn-1)> Kan—1) represent the PID characteristic parameters before updating,
AK,, AK;, AK, represent the updated PID characteristic parameters.

Fuzzy PID adaptively tunes the parameters during the control process, but it has problems such
as being limited by human experience, unable to satisfy on-line tuning, and slow response speed.
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In order to quickly realize the parameter tuning of the fuzzy PID algorithm for sterilizer
temperature control, and to meet the requirements of accuracy and small overshoot, this paper
proposes a PSO-optimized fuzzy self-tuning PID algorithm. The structure of the proposed control
system is shown in Fig. 3.
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Fig. 3. Self-tuning fuzzy PID control system based on IPSO

First, the PSO algorithm optimizes the initial values of the fuzzy PID control parameters K,,,
K;, K4, the fuzzy control adjusts the PID control parameters, and the adjustment amount is AK,,,
AK;, AK;, and calculates the fitness value through the fitness function to judge whether the PID
parameters are optimal or not, and keeps adjusting the parameters to continuously reduce the
fitness value so as to find the most suitable set of values to achieve the desired control effect.

2.1. Fuzzy Pid controller design

Fuzzy set theory is applied to establish the binary continuous function relationship between
the parameters K, K;, K; and the absolute value of the system error e and the absolute value of
the error change rate A,. The fuzzy controller is used to self-adjust the PID parameters according
to different e and A, online, which is the core of the control system design.

The change of steam temperature in the sterilization chamber is relatively slow, that is, the
change of error is relatively small. The deviation e and the deviation change rate A, between the
actual value of the sterilization chamber temperature and the set value are used as input variables
of the fuzzy controller, and the three parameters of the PID are used to incrementally correct the
value proportional coefficient AK,, and integral coefficient AK; and differential coefficient AK,
are used as the controller output, and the continuous domain is set to (—4-4) °C.

The quantized discrete domain is: e, A,, AK,, AK;, AK; = {—4,-3,-2,-1,0,1,2,3,4}.

In order to balance the control accuracy and complexity of the system, the fuzzy domain of
input and output is set to seven regions {NB, NM, NS, Z, PS, PM, PB}, which respectively
correspond to {negative large, negative medium, negative small, zero, just small, middle, big}.

Among them, the actual sampling e and A, are fuzzified to obtain E and EC. If data larger than
the boundary value is encountered during the temperature control process, it will be directly taken
as the boundary value. K, and K, are the fuzzy quantization factors, and int is rounded. All:

{E = int[e + 0.5], 5
EC = int[K,, * A, + 0.5]. )

Considering the simplicity and practicability of the algorithm, the triangular membership
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function is used as the fuzzy membership function of the input and output variables, as shown in
the membership function curves of E and EC in Fig. 4, which are also the membership function
graphs of AK,,, AK; and AKj.
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Fig. 4. The membership functions for E or EC
2.2. Fuzzy inference

Sterilizer temperature Fuzzy control is implemented based on fuzzy control rules. Fuzzy
inference employs a dual-input, single-output approach, with control rules formulated in the
following inference languages of “if e; and Ae; then u;”.

According to the characteristics of the influence of sterilizer K, K;, K4 on system output, the
fuzzy rules for the positive and negative values of e and A, should be formulated according to the
following principles:

(1) When |e| is large, K, should be a larger value in order to speed up the response speed of
the system and avoid the differential saturation beyond the control range due to the instantaneous
increase of deviation; To reduce the amount of overshoot, K; should be as small as possible, and
K, should be a smaller value.

(2) When |e| is at a medium size, in order to make the system response have a small overshoot,
K, should be set to a small value, K; and K; should be set to a moderate value.

(3) When |e] is small, the values of K, and K; are larger to ensure that the system has better
stability. At the same time, in order to avoid system oscillation near the set value, it is judged that
if |A,| is large, the K,; value is small, and usually the K; value is moderate.

According to the above fuzzy rules, the fuzzy control rules table is shown in Table 1.

Table 1. Fuzzy control rule table
A
NB NM NS Z PS PM PB
NB | NB/NB/NB | PB/NB/PS | PM/NM/NS | PM/NM/Z | PS/NS/Z PS/Z/PB Z/Z/PB
NM | NM/NM/NM | PB/NB/NS | PM/NM/Z | PS/NM/NS | Z/NS/Z Z/Z/NS Z/Z/PM
NS | NS/NS/NS | PM/NM/NB | PM/NS/NM | PS/NS/NS Z/Z/Z NS/PS/PS | NM/PS/PM

e

zZ Z/Z/]Z PM/NM/NM | PS/NS/NM | Z/PB/PS NS/PS/Z PM/Z/PB | NM/PM/PM
PS PS/PS/PS Z/NS/NM Z/Z/PB PB/PB/PS | PB/PM/PM | PM/Z/PB | NM/PB/PS
PM | PS/Z/PM Z/Z/NS Z/Z/NS PB/PB/PS | PB/PB/PM | PM/PS/PB | NB/PB/PS

PB | PB/PB/PB NS/Z/Z NS/PS/Z PM/PB/Z | PM/PM/PM | PS/PS/PS | NB/PB/PB

In the process of online operation, the fuzzy PID parameter self-tuning control system
completes the online calibration of PID parameters by processing the results of the fuzzy logic
rules, looking up the table and calculating a series of processes, which meets the different
requirements of the system for controller parameters under different time E and EC.
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2.3. Obtaining and de-blurring fuzzy relation

Define fuzzy subsets e;, e.; and AK),; respectively on e, e, and AK,,;. The fuzzy control rule is
described as the fuzzy relationship R from e; X ec; to AK,;:

n
R = U ) (ei X ea-) X AKPU (6)
i=1,j=1

According to the theory of fuzzy mathematics, the output of the fuzzy controller can be
obtained by the fuzzy synthesis rule:
AKpij = (ei X eCi) -R. (7)
The fuzzy output cannot be directly used to control the controlled object, so it is necessary to
de-fuzzy processing. The weighted average method is to multiply the membership degree of each
fuzzy set with the center of gravity of the fuzzy set and then divide by the sum of each membership
degree. This method includes the role of all elements in the output domain, and highlights the
main information through the weighted coefficient, so the output quantity obtained is relatively
accurate. The calculation is as follows:

_ Di=g xi - p(x;) ®)

Tiaplx)
where, u is the final clear output value, n is the number of elements in the output fuzzy theory
domain, x; is the value of the ith element in the output fuzzy theory domain, and u(x;) is the
membership degree of the i th element in the output fuzzy theory domain.

The sterilization controller adopts intelligent fuzzy PID control. The specific realization is that
after processing the sampled temperature by CPU, the corresponding error and error change rate
are obtained, and then the control quantity is obtained by querying the fuzzy decision table, and
the control output is obtained by calculation, so as to control the opening of the regulating valve
and change the amount of steam entering the sterilization chamber. Achieve the requirement of
stable control temperature at a given value.

In practice, the temperature is far from reaching the given requirements of the temperature, in
order to ensure that the maximum speed of warming, regulating valve opening to the maximum;
close to the given requirements of the temperature before the use of intelligent fuzzy PID control.

2.4. PSO algorithm improvement

Let's assume there are m particles within the D-dimensional search space, with the position of
the ith particle is denoted as X; = (x;1, X2, ", Xim), the velocity is V; = (v;q, Vi, ***, Vi), the
individual polarity P; = (pi1, Piz,***»Pin)> and the global polarity F; = (pg1, Dg2,**»Dgn)- It is
through individual learning and group experience that the particles decide the next movement, and
for the k + 1st iteration, each particle evolves according to the following equation:

VI = w X VS + ¢p X1y X (Dig — X[5) + ¢ X 15 X (gig — X1, )
xf5t = xfy +vlg (10)

where i = 1,2, ..., m, m is the total number of particles in the population, d = 1,2, ..., n, n is the
dimension of the solution space; w is the inertia weights, and the acceleration factors, ¢; and c,,
regulate the maximum step of the flight in the direction of pyes and gpes:, respectively.

As the traditional PSO fuzzy PID controller is easy to fall into the local optimum, resulting in
slow convergence speed. To solve these problems, the weight coefficients and inertia factors of
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PSO need to be improved to effectively solve the performance problems of the traditional fuzzy
PID controller and the pain point of slow convergence speed of the system.

2.4.1. Improvements to the adaptive component

The PSO algorithm’s velocity update formula contains three parameters: inertia weights w and
learning factors c; and c,. A proper w averages the global and local optimality search. A large w
in the early stage can quickly reach the neighborhood of the optimal value, and a small w in the
late stage can reduce the speed of the particles so that they can perform a detailed search locally
at the optimal value. Therefore, a way of linearly decreasing the value of w can be adopted:

Wstart — Wend

w(k) = Wgare — x k, (11)

tmax

where Wgiqre, Weng are the initial inertia weights and the inertia weights when iterating to the
maximum number of times t,,,,, respectively, and k is the current number of iterations.

The functions of the learning factors ¢; and c, are self-summary and learning from fine
particles respectively. Too large or too small values of both are not conducive to the execution of
the algorithm, so it is extremely important to set appropriate values in the optimization. In this
study, a factor gradient method is proposed:

o (txm

¢ =2- sm( ), (12)
max
Ctxm

=1+ sm( ), (13)
max

where t is the current iteration number, ¢,,,, 1S the maximum iteration number.
The improved particle velocity update equation is:

Vgt = w(k) x Vig + c1(k) X 11 X (pig — Xlg) + ¢2(k) X 15 X (gia — Xi§)- (14)

By improving the velocity formula, the particles are made adaptive and updated with iterations,
which improves the strength of the global optimization search. However, this adaptive capability
of PSO also has shortcomings, such as inaccurate tracking, slow convergence, and a tendency to
mature prematurely.

2.4.2. Improvements in the migration component

Since the diversity of the particles in the PSO algorithm concerns whether or not it converges
early into the local extremes. Where the particles will draw on the values of p;; and g;4 at each
iteration, which reduces their diversity too quickly, which in turn leads to poor accuracy [16].
Therefore, n particles are divided into s populations, and adaptivity is applied to make a judgment
on the population polytopes using P:

P = fitness(tpest) — fitness((t — 1)pese), (15)

where t is the number of iterations, fitness(t) is the value of particle adaptation in generation t
and t > 1.

2.4.3. Improvements of PSO algorithm to optimize fuzzy PID control process

ITAE criterion is chosen as the algorithm fitness function in the design of the improved PSO
algorithm:
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/=J; tle(t)| dt, (16)

where t is the total time, e(t) is the temperature deviation. That is, the integral of the product of
the absolute value of time and temperature deviation as the degree of adaptation, the smaller its
value, the better. ITAE performance indicators can comprehensively measure the level of
excellence of the sterilizer temperature control system, which is reflected in steady-state error,
overshoot amount, control time and other indicators.

The process of the optimization of the initial parameters of the Fuzzy PID by the improvement
of the PSO algorithm is shown in Fig. 5.

[

l

S . Initialize the fuzzy Getting the current
warm generation controller SamphIg value
Particle swarm Getting the e=r(k-yk)
assignment to controller output ec=e(k)-e(k-1)
Ky Kiy. Ky AK,, AK, AK, I
e and e, fuzzy
Particle swarm Getting PID control processing
renewal parameters l
l Fuzzy tuning AK,,
Output result: AK;, AK,
K= Ky + 4K, I
K=K+ AK
R ' Inverse fuzzy
K=Kt AR processing
N
Satis fying termination

conditions

Output optimal
solution

Fig. 5. Flow chart of the fuzzy PID algorithm based on IPSO

Step 1. Initialization of the particle swarm: the population size of the particles M is chosen as
50 particles, the dimension D is 3 dimensions, the inertia weight w is usually chosen between
[0.9, 1.2], and this time the value of w is chosen as 0.9, the learning factor c; = ¢, = 2, the value
of the speed of the search space is in the range [-1, 1], and the maximum number of iterations n
is taken as 100 times.

Step 2. Selection of fitness function fitness(): that is, to determine the criteria for iterative
optimisation of the algorithm, based on the value of fitness to determine the degree of optimisation
of particles in the optimisation process, and the degree of current particles to initialise the
individual optimal P}, and the group optimal Gp,;. In this paper, we choose the absolute value
of the error of Eq. (9) of the integral of time as a performance indicator.

Step 3. Cyclic iterative optimization process, each iteration of the process that the particle
position and velocity information is updated, after the process, the optimal value of the three
dimensions of the particle population is assigned to Ky, Kjq, Kgq, run the sterilizer temperature
control system, obtain the fitness value of all the particles to be compared to select the optimal
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fitness value of the individual and the optimal fitness value of the population.

Step 4. Performs particle swarm velocity and position updates.

Step 5. Judge the end condition of the optimization iteration. If the particle reaches the optimal
solution or completes the number of iterations, the algorithm ends and outputs the optimal
solution, otherwise reassign the updated particle swarms to K, K;1, K41 and jump to step 3 to
continue the algorithm.

3. Simulating and experimentally validating a fuzzy PID controller for PSO optimization
3.1. Step response experiment

Experimental methodologies are used to model the system of pulsating vacuum sterilization
control:

1
G(S) =——— 7055, 17
) s2+2s+1 ¢ {17

To evaluate the effectiveness of the IPSO optimization algorithm on the temperature control
system of a pulsed vacuum sterilizer, three Simulink simulation models were developed for
traditional PID control, fuzzy PID control, and an improved particle swarm optimization fuzzy
PID algorithm. A comparison of these models is presented in the Fig. 6.

Particle Swarm Optimization Objective Function

O EsH
O o (s )

m Q o b "_[m I
Target Temperature L. a 2

o Lalo i e

e[ o)
PID
/=
i A
Target Temperatuse 1 a : I
Py =
2 T A0

Fig. 6. Model Simulink of control system for pulsation vacuum sterilizer

The Fuzzy Logic Toolbox in MATLAB is used to design the fuzzy controller. The IPSO
algorithm implementation begins with the development of the Matlab IPSO optimization program,
as well as the program that connects the particle swarm optimization program with the Simulink
simulation model and the PID model graph for IPSO.

The PSO algorithm is implemented by creating a program in the PSO_PID.m file. The initial
values of the fuzzy PID control parameters are optimized by executing the program, passing the
values of the generated particle swarm into the simulation model through the sim() function, and
then reading the fitness values calculated by the fitness function.
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Fig. 7 shows the three step response curves of the sterilizer temperature control system under
traditional PID control, fuzzy PID control and PSO optimized fuzzy self-tuning PID control.

It can be seen that the traditional PID control system response speed is slow, the overshooting
amount is large, the time to reach steady state is long, accompanied by a slight oscillation
phenomenon; fuzzy PID controller in the stability and overshooting amount is better than the PID
control, due to the use of the expert experience to adjust the weighting factor and has a blindness,
can't carry out the parameter tracking adjustment, the control speed is slow.

Fig. 7. The tracking curves of the three control methods under disturbance

The PSO fuzzy PID control is used to provide the fastest response, the smallest amount of
overshooting, the shortest time for the system to reach the steady state, and the system is free of
oscillations. In summary, when the sterilizer temperature control, the use of PSO fuzzy PID
control algorithm using PSO optimization algorithm for steam sterilization temperature control
parameters iterative optimization, while through the fuzzy control of the PID parameters adaptive
correction, response speed, overshooting amount, inhibit oscillations and time to reach the steady
state, etc. are better than the ordinary PID control and fuzzy PID control.

By using PSO algorithm to optimize the initial parameters of the fuzzy PID controller, the
temperature control system is controlled. The control results are shown in Figs. 8-9. The particle
swarm can output the optimal solution after iterating 4 times, and its optimal fitness value is 2659.

The initial value optimization results of the particle swarm algorithm for the fuzzy PID control
parameters K, K; and K are 1.3268, 0.06139, and 0.1851 respectively.
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Fig. 8. ITAE fitness iterative optimization curve Fig. 9. Effect diagram of online parameter setting in PID

3.2. Disturbance experiments

To verify the control effect of different control methods, it is necessary to keep the parameters
of each controller unchanged. A 20 % step perturbation signal should be added when the system
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is simulated to be stable at certain time. At this time, the performance indicators of different
control methods under normal conditions are shown in Table 2.

Table 2. Performance indicators of different control methods under normal conditions

Methods of control | Adjusting time (s) | Overshoot (%)
PID 1360 253
Fuzzy-PID 1190 19.0
IPSO-Fuzzy-PID 549 4.2

As can be seen from Table 2, PID and Fuzzy-PID have poor ability to suppress interference
after disturbance is added to the system, resulting in large oscillation of the system. The
IPSO-Fuzzy-PID has a strong ability to restrain the interference, effectively restrain the fluctuation
of the main steam temperature on the disturbed side, and make the system output recover to the
stable state smoothly and quickly, and improve the adaptive ability of the main steam temperature
control system.

3.3. System robustness analysis

In order to further validate the robustness of different control methods, the gain of the transfer
function for the controlled object in the inert zone was increased by 20 %, while maintaining
unchanged parameters for each controller. This adjustment is made due to variations in the
mathematical model of the controlled object within the sterilizer steam temperature control system
as a result of changes in cavity temperature.

Table 3. Performance indicators of different control methods when gain increases

Methods of control | Adjusting time (s) | Overshoot (%)
PID 1436 35.7
Fuzzy-PID 1019 27.1
IPSO-Fuzzy-PID 531 6.4

The performance indicators of different control methods when gain increases are shown in
Table 3. It can be seen that the IPSO-Fuzzy-PID still maintains high control quality under the
condition of 20 % gain increase, while the regulation time of the PID increases by 19% compared
with that of the model matching and produces serious overshooting, which makes the control
effect worse.

3.4. Experimental verification
3.4.1. Hardware system block diagram

The hardware system block diagram of the pulsating vacuum high-temperature steam sterilizer
control system is illustrated in Fig. 10. The system comprises the main control circuit of the
STM32 microcontroller, a platinum resistance temperature measurement circuit, a switch input
circuit, a door lock motor control circuit, solenoid valve drive circuits for water inlet, drainage,
and exhaust, a heating coil control circuit, a real-time clock circuit, a keyboard and an LCD display
circuit, among others.

The whole control system is based on high-speed STM32 microcontroller as the core, real-time
sampling of the temperature in the chamber of the sterilizer, and after self-Tuning Fuzzy PID and
IPSO algorithm operation, it generates a PWM signal with a period of 0.5 s and an adjustable duty
cycle to control the heating ring power supply on/off, so as to make the temperature inside the
chamber of the sterilizer at 121 °C and maintain it for 20 mins or 134 °C and maintain it for 4mins
in order to achieve the effect of sterilization.
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Fig. 10. Overall hardware structure of the system

3.4.2. Temperature measurement circuit

The high-precision temperature measurement circuit, featuring a three-wire platinum resistor
and a constant current source as illustrated in Fig. 11, primarily comprises a constant current
source circuit and an A/D conversion circuit. This includes a constant current source circuit with
a dual voltage reference, an operational amplifier, and a transistor, a CS1237 ADC, a three-wire
platinum resistor interface circuit, and an SPI output interface circuit. The platinum resistor
temperature measurement circuit converts the temperature signal into a voltage signal, which is
then sampled and computed by the ADC chip to determine the temperature.
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a) Constant current source circuit b) A/D conversion circuit
Fig. 11. Temperature measurement circuit

The CJ431 chip within the constant current source circuit serves as an integrated circuit for
generating a reference voltage. The CJ431 ensures that the input voltage to the input resistor,
connected to the non-inverting terminal of the TLC2272 operational amplifier, remains constant
at Vger =25 V.

Based on the circuit connection, it is evident that the operational amplifier introduces negative
feedback. Drawing from the characteristics of an ideal operational amplifier and the principles of
virtual short and virtual open, we can deduce that:

Vi =V_ = Vgey. (18)
Hence, the current passing through the 4.99 K sampling resistor is:
Vv, 25
= =795 = 05 (mA) (19)

By selecting a precision sampling resistor with low temperature drift and high accuracy, the
entire system can achieve high-precision temperature measurement.

Owing to the adoption of a constant current driving method in the temperature measurement
circuit, the dual constant current sources ensure a stable current, reducing susceptibility to
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fluctuations within the circuit. This addresses the issues of low measurement accuracy and
sensitivity to temperature drift inherent in conventional temperature measurement systems.

The CS1237 conversion circuit is employed to convert minute voltage signals into digital
signals with 24-bit precision. The sensor utilizes a platinum resistor, nominally 100 Q at 0 °C. The
three-wire system eliminates measurement errors due to lead resistance and employs a constant
current source for signal conditioning and compensation, thereby enhancing signal stability.

3.4.3. Heating coil control circuit

As shown in Fig. 12, the drive circuit of the sterilizer heating coil mainly uses solid-state relays,
optocouplers and transistors as the devices of the control circuit, and the microcontroller samples
the temperature of the sterilizer cavity in real time, and generates the solenoid valve drive signal
to control the heating after IPSO optimization and fuzzy PID algorithm operation.

c23

Q2

[]2
|
|

e}
=

i
=
PBRO PWMI =

Fig. 12. Heating coil control circuit
3.4.4. PID self-tuning experimental platform for pulsating vacuum sterilizers

The experimental platform for temperature control PID self-tuning, as illustrated in Fig. 13.
The sterilizer uses a three-wire platinum resistance PT100 temperature sensor to get the real-time
temperature value in the sterilizer cavity, and the temperature measurement accuracy is +0.1 °C.
Through the CS1237 ADC will be collected analog signals converted into digital signals, and then
through the STM32 microcontroller will be collected temperature and set the temperature
deviation value according to the control algorithm to get the value of the duty cycle of the PWM
signal to drive the H-bridge circuit, control the sterilizer electric filament heating module drive
circuit work to ensure a certain degree of precision at the same time to achieve a constant
temperature and the purpose of sterilization. The purpose of constant temperature and sterilization
is achieved while ensuring a certain degree of precision.

1 \
Fig. 13. PID self-tuning experimental platform for pulsating vacuum sterilizers: 1 — resistance wire;
2 — ST-LINK STM32 emulator programmer; 3 — sterilizer temperature control panel;
4 — control system power supply; 5 — electromagnetic valve; 6 — pressure sensor;
7 — signal expansion board; 8 — PT100 temperature sensor
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3.4.5. State machine for embedded software architecture design of sterilizers

The state machine in the embedded software architecture design for the sterilizer primarily
comprises 10 states: preparation, preheating, pulsating vacuum, heating sterilization, exhaust,
drying, and sterility, among others. As illustrated in Fig. 14, the sterilization process begins with
the system executing vacuum pulsation according to the preset values. Following this, the control
system introduces saturated steam, elevating both temperature and pressure. Once the inner
chamber attains the designated temperature, the process transitions to a constant temperature
sterilization phase employing intelligent fuzzy PID temperature control. Upon completion of
sterilization, the system proceeds to the exhaust and drying phase; upon successful drying, the
primary program concludes.

Vacuum test

Drainage program Sterilization procedure|

Heating

Drying procedure
Steam Vacuum VT_keep

Sterilization

Dry

[Ventilatinn]—{ Finish ]7

Fig. 14. Embedded software main state machine for sterilizer

The IPSO optimized fuzzy self-tuning PID algorithm of the STM32 single-chip
microcomputer was written, and the single-chip microcomputer was programmed. At the same
time, the self-tuning user interface program of the host computer was opened to debug the
temperature control system of the sterilizer control board with load, and the PID self-tuning
process data curve of the pulsating vacuum sterilizer was obtained, as shown in Fig. 15.

——Conventional PID
160 Self-tuning IPSO fuzzy PID
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9:43:40
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Fig. 15. The data curve of self-tuning for Pulsating vacuum sterilizer

The pulsation vacuum sterilizer is set to a temperature of 134 °C, with automatic tuning of the
PID parameters. Once the self-tuning process concludes, the variations from this process are
retrieved from the database and graphically depicted. It is evident that the final temperature is
maintained at 135 °C, with the curve attaining the target temperature and stabilizing in just
24 seconds.

Using the conventional PID algorithm, the temperature initially rises from 20.25 °C to the
target temperature of 134 °C in 140 seconds. The maximum overshoot occurs at 19:28:00, with
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an overshoot 0f4.92 °C. At 19:29:20, the temperature drops to 134 °C, but the system is not stable,
and the temperature continues to drop. At 19:30:20, the temperature reaches 120 °C before
continuing to rise. Eventually, the error continually reduces in fluctuations, and by 19:33:00, the
temperature stabilizes at 134 °C+0.3 °C, and by 19:44:00, it stabilizes at 134 °C+0.2 °C.

Under the same experimental conditions, the system was controlled using a self-tuning fuzzy
PSO PID algorithm. Compared to conventional PID control systems, the temperature initially rose
from 20.21 °C to the target temperature of 134 °C in 240 seconds, with an overshoot of only 3.4 °C.
Subsequently, the temperature continued to decline, but the undershoot was significantly smaller
than that of conventional PID control, with the lowest temperature recorded at 130 °C at 19:32:20.
Ultimately, the system reached a stable state, stabilizing at 134 °C£0.23 °C at 19:31:40 and at
134 °C+0.1 °C at 19:42:10.

4. Conclusions

This paper proposes a fuzzy PID self-tuning control strategy based on the IPSO algorithm. The
PSO algorithm iteratively optimizes the temperature control parameters for steam sterilization,
while the PID parameters are adaptively refined through fuzzy control. A system model simulation
analysis was conducted, revealing that the method offers a faster response speed, zero overshoot,
and enhanced robustness. Subsequently, the algorithm was implemented in a self-tuning PID
control experiment for the temperature control of a sterilizer, achieving self-tuning of the PID
parameters, improved dynamic and static performance of the control system, and enhanced
precision in temperature control. Experimental results demonstrate that, when using the
self-tuning fuzzy PID algorithm and setting the sterilization temperature at 134 °C, the system
achieves an overshoot of only 0.78 °C, a reduction of 0.5 °C from conventional PID; the
steady-state temperature remains within 143+0.2 °C, a 65 % improvement over conventional PID,
achieving an ideal control effect.

While some expected results of this study have been obtained, there are still certain problems
that require investigation and treatment. (1) Fuzzy PID control offers high precision and rapid
adjustment, though with a significant overshoot. Alternatively, artificial neural network control,
known for its self-learning capabilities, is also a viable option. (2) The sterilization temperature
control system developed in this study fulfills the current fundamental requirements for
sterilization control, yet there is a need to enhance the communication rate to attain stronger
stability. Leveraging TCP/IP protocol functionality enhances its role in remote maintenance,
alarming, and video surveillance. The human-machine interface is continuously refined, rendering
the control of pulsation vacuum sterilizers more intelligent and contemporary. (3) In industrial
applications, data security is highly sensitive, and the security and privacy protection for sterilizer
temperature control data presents significant challenges.

Consequently, the future trajectory for the pulsation vacuum sterilizer control system is
towards intelligence and modernization, striving for excellence in enhancing human health and
wellness.
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