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Abstract: The heating source temperature of the vacuum belt system (VBD) is an important factor
affecting the drying rate and the material quality. However, it has problems with large fluctuation,
instability, and hysteresis due to interference from various factors, which increases the drying time
and energy consumption. To address these issues, this study proposes fuzzy control and integral
control synergistic (FCICS) control to realize temperature regulation of the VBD system, enhancing
the performance and stability of the heating source. Simulations were conducted in Simulink, and an
experimental verification was carried out based on the constructed experimental system. The results
show that the FCICS control outperforms the conventional PID control in terms of material warming
rate, temperature stability, and energy consumption, and the transient and stable state performance is
improved. Specifically, the material warming rate increased by 15%, temperature stability improved
by 20%, and energy consumption decreased by more than 1.74% with the FCICS control strategy.

Keywords: vacuum belt drying; heat source temperature; fuzzy control; integral control; drying rate

1. Introduction

Vacuum drying, known as green drying, is an effective method for retaining material
quality [1]. This process takes advantage of the fact that the boiling point of water decreases
with the increase of the vacuum belt, enabling moisture in the material to evaporate at a
low temperature [2]. A typical representative of vacuum drying is the vacuum belt drying
system (VBD), which enables uninterrupted feeding and discharging [3]. Compared with
other drying methods, such as heat pump drying [4,5], microwave drying [6], and freeze
drying [7], it has the characteristics of large processing capacity [8], achieving a wide range
of applications.

In the content of VBD, the drying chamber is under vacuum conditions, where the
ambient temperature is much lower than that of the heat source temperature, thus mini-
mally affecting the temperature rise of the material. Meanwhile, the heat source directly
heats the material through conduction. So, the heating temperature of the hot water plays
a crucial role in determining the material’s drying temperature [9,10]. It is imperative to
maintain the optimal heating temperature to ensure an efficient drying rate, while pre-
serving the material’s structure of effective content in the thermal sensitive material [11].
Moreover, under vacuum conditions, the pressure and humidity remain constant; select-
ing appropriate operating conditions is key to minimize drying time and reduce heating
energy consumption [12]. Based on the above analysis, an effective heating temperature
control strategy is essential to ensure the heating temperature’s reliable operation and high
efficiency under the optimum temperature to guarantee the material’s drying quality.

At present, the traditional control strategy has relied on limit control and the con-
ventional PID control, which is the most commonly used control strategy in the drying
system [13]. However, these methods are limited by the fixed value of the regulation param-
eters, with the problem of poor, hard real-time conditions. It is difficult to meet the dynamic
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changes in operating conditions and this method cannot realize precise temperature control,
which affects the drying time and heating energy consumption [14].

In response to these problems, researchers have demonstrated that advanced computer
technologies, such as fuzzy control [15], model prediction [16], and neural network [17], are
applied to the material drying process to deal with the influence on the heating temperature
fluctuations. These technologies improve the precision of temperature control and ensure
the quality of materials [18-21]. To address the poor control effect and strong coupling
of system parameters in vacuum drying, Zhu Guangyao et al. [22] proposed fuzzy PID
control, achieving the error of heating temperature as no more than 1 °C and enhancing
the quality of the dried material. For the problems of large hysteresis, nonlinearity, and
poor time-varying temperature control, Guo S et al. [23] proposed a PID parameter fuzzy
self-tuning control strategy to achieve fully optimized heating temperature control. The
energy consumption of the equipment was reduced effectively, and the quality of the
dried fruits and vegetables was improved significantly. Yang L et al. [24] designed a
control system for grain drying test equipment, which combined virtual instrumentation
technology and computer technology with a digital PID control algorithm for testing. The
final experimental stage showed that the drying environment temperature error was less
than £1 °C.

In addition, scholars developed control strategies based on the material drying
characteristics by combining control methods to achieve precise temperature control.
R. Bérquez et al. [25] proposed a drying protocol based on the automatic control of temper-
ature in response to the problem of strawberry drying temperature control, reducing the
temperature fluctuation by controlling the microwave power. The energy efficiency was sig-
nificantly improved to 54%, while the dried strawberries were of a high quality. Li et al. [26]
used instantaneous power control technology to automatically adjust the power and prod-
uct temperature, improving the color, aroma, and appearance quality of the dried materials,
while maintaining energy consumption at 22 kJ/g. Additionally, Li et al. [27] proposed a
control method combining variable microwave power based on predefined power curves
with feedback temperature control to solve the problem of apple burning easily caused
by higher heating/drying temperatures. The method achieved optimal temperature con-
trol and maintained the best appearance and taste of apples. They [28] also developed
a microwave drying system that automatically adjusted power and controlled heating
temperature based on the moisture ratio of apples at different stages, reducing temperature
fluctuations, saving time, and lowering energy consumption. Ji et al. [29] proposed an
intelligent temperature control system integrating wireless multi-point temperature and
humidity acquisition, alarm display, and intelligent control through the analysis and re-
search on the temperature control of existing ginseng processing equipment. This system
can guarantee the quality of ginseng drying, improve the efficiency of ginseng drying, and
reduce carbon emissions and the labor force.

Despite these advancements, the main research gaps in terms of research on using
control algorithms and control strategies for the heating source in the VBD have been
summarized as follows:

(1) The classical PID controller, constrained by static parameter values, struggles to adapt
to dynamic operational changes with multiple interdependent parameters, leading
to imprecise temperature control that impacts both drying efficiency and energy
consumption;

(2) Advanced computer technologies require theoretical knowledge and involve complex
debugging, making their practical application challenging;

(3) Integrating the control strategy with the material drying characteristics in the VBD
systems entails a prolonged time and significant investment to achieve precise tem-
perature control.

Therefore, this paper proposes a nonlinear control strategy using the fuzzy control
and integral control synergistic (FCICS) control for temperature regulation, and applies
it to the VBD system. This strategy is designed to overcome the limitations of traditional
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control, particularly in the face of system nonlinearity and unpredictable factors such as
variations in return water temperature due to changes in drying capacity. The key aspects
of this research are described below:

(1) A synergistic control structure with fuzzy control serves as the primary controller
and integral control as the secondary is proposed for accurate temperature regulation,
switching control modes based on temperature threshold values in the VBD system;

(2) The robustness of the proposed control strategy is analyzed for adverse conditions
such as variation in the setpoint, followability, and disturbance rejection through
simulation and experimental methods;

(3) The performance of the designed FCICS control for the drying process, in contrast to
its classical PID control, is briefly analyzed.

2. Materials and Methods
2.1. VBD System Introduction and Analysis
2.1.1. The VBD System Introduction

Figure 1a exhibits the flow chart of the VBD system, which comprises three distinct
cycles; (1) Heating cycle system: this system utilizes water as the heat transfer medium,
serving as the source of heat. The hot water pump conveys the hot water that meets a
specific temperature to the heating plate in the vacuum chamber to exchange heat with
the material. As the water cools, it returns to the hot water tank, relying on its flow rate,
where it is reheated by electric heaters to the desired temperature. (2) Material conveying
system: it plays the role of material transmission. The material in the raw material tank
relies on the raw material pump to convey it to the conveyor belt on the upper layer of the
heating plate in the vacuum chamber, and is heated for moisture evaporation. Once dried,
the material is expelled through a discharge mechanism into a storage tank. (3) Vacuum
Maintenance System: this system ensures the preservation of vacuum conditions within the
chamber. The water vapor, which has become saturated due to the material’s evaporation,
is continuously removed by a water vapor compressor. This vapor is then released into the
atmosphere, helping to maintain a constant pressure within the vacuum chamber.

The material conveying system transports materials into the vacuum drying chamber,
passing sequentially through heating zones controlled by the heating cycle system. Under
vacuum conditions, the materials are heated, generating saturated water vapor, which is
continuously expelled via the Vacuum Maintenance System, enabling continuous drying of
the materials.

The experimental platform was established as shown in Figure 1b, and each serial
number in the figure was marked as follows. 1: pressure gauge, 2: water vapor compressor,
3: vacuum chamber, 4: material tank, 5: material tank, 6: control cabinet, 7: hot water tank,
and 8: hot water pump.

The control system process of the system heating cycle is as follows: the programmable
logic controller (PLC) in the control cabinet receives the signal from the temperature
transmitter at the hot water inlet end and converts the analog signal into a digital signal [30].
After calculating the internal control algorithm, the PLC outputs a control signal to adjust
the power regulator to change the heating power in real time, ensuring that the hot water
temperature is maintained at a consistent level by adjusting the heating power as needed.
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(b) Experimental test platform for the VBD system.

Figure 1. VDB system physical diagram and flow chart.

2.1.2. Heat Transfer Analysis
To simplify the model, the following assumptions have been made in this paper:

(1) The system operates in stable working conditions, with the hot water flow rate
and compressor operating frequency maintained at a constant 15 L/min and 50 Hz,
respectively, and the ambient temperature is set at 18 °C;

(2) The steam outlet temperature of the drying chamber is considered to be at the satura-
tion point;

(3) The heat transport mechanism is heat conduction; at a steady state, the humidity
remains constant.
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The energy balance, where the heat released by the hot water is equal to the sum of
the heat absorbed by the material and the heat loss of the system, is expressed as follows:

Q(S) = Qi(S) + Qa(8) (1)
Qi1(S) = dedif )
Q:(s) = 0 ®

where Q is the heat released by hot water, kJ-s~1; Q;(S) is the heat absorbed by materi-
als, kJ-s71; Q1(S) is the system heat loss, including the losses through the casing to the
surroundings and losses in removing excess moisture from the drying chamber to the
surroundings, kJ-s~!; Cp is the specific heat capacity at a constant pressure of hot water,
kJ-kg=1.°C~1; Ty is the inlet temperature of hot water, °C; Ty is the outlet temperature
of hot water, °C; R is a constant valve; and R is the heat resistance, which represents the
resistance encountered by heat during the transfer process.
After Laplace transformation, Equation (4) can be obtained:

1
Q(S) = (Cs + 2)Tu() @
Because Q(S) was proportional to the input signal y(S) and Ty (S) is the output signal
y(S), the above equation can be rewritten as:

y(s) KR

u(s)  RCS+1 ©)

The system time constant Ts was determined by the RC and the system gain coefficient
K is kR.

It is known from the inherent properties of the hot water temperature in the system
that the temperature control system has a pronounced time lag, behaving as a first-order
lag system [31]. It is expressed by Equation (6).

Gs=Y) _ K (6)

u(s) TsS+1

where 7 is the time lag coefficient.

The approximate transfer function is determined according to the Equations (7) and (8)
of Colin Coon [32]. The rising curve of the temperature system measures the output
response time at 0.28 times and 0.682 times the target value by a given value of electrical
heating power. The value of the process transfer function is determined based on the curve
corresponding to the step response obtained, and the transfer function of the controlled
object is given by Equation (9):

o Aout _ y(°°) 7]/(0)
Ce o~ A )
T = 1.5(to.632 — t0.28) ®
0435y
ST 595 11" ©

where, Aoyt is the changing temperature, °C; Aj, is the varying electric heating power, KW;
y(o0) is the final temperature, °C; y(0) is the initial temperature, °C; t( g is the time when
the output response is 0.28 times, min; and f( ¢3; is the time when the output response is
0.632 times in min.
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2.1.3. Data Analysis

Integral performance criteria are used to evaluate the performance differences with
different control modes, including the Integral of Absolute Error (IAE), Integral of Square
Error (ISE), Integral of Timed Absolute Error (ITAE), and the Integral of Time Square Error
(ITSE). The formulas are given by Equations (10)—(13), respectively. Based on the data
sequence collected by the system, a smaller value in these criteria indicates higher accuracy
and a superior control performance of the controller [33].

IAE = [ |e(t)|dt (10)
/
ITAE = [ ele(t)|dt (11)
/
ISE = [ |e(t)|*dt (12)
/
ITSE — / tle(t)[2dt (13)
0

where e(t) was the error between the set value and the feedback value, °C, and t was the
time in min.

2.2. Heating Source Temperature with FCICS Control Strategy
2.2.1. Principle of FCICS Control Strategy

Harnessing the robustness of fuzzy control and the steady-state error reduction capa-
bility of integral control, a controller with fuzzy control and integral control synergistically
(FCICS) regulating is designed at different stages.

The temperature control strategy for this controller, which combines fuzzy and integral
control, is depicted in Figure 2. The switch module evaluates the difference range. If the
difference between the target value and the feedback value exceeds the threshold u, the
fuzzy control component is activated first, rapidly driving the heating temperature towards
the set point. When the difference falls below the threshold u, the system is deemed to
be nearing a stable state. At this state, integral control and fuzzy control work together
to fine-tune the heating temperature, ensuring it remains close to the target value. In the
event of external environmental interference affecting the control signal, fuzzy control and
integral control collaborate to swiftly re-establish the stable state.

L [P === = 1
1 1
| [
Fuzzy
- | Control 1 ‘ =
Input | s ectznc Output
—{  subtract Sum M b i Heat.mg
| Integral
Control 1
— | Switch 1
u value
1 [
| Constant 0 1
I S, 1
Feedback [T

Figure 2. Temperature control flow chart of FCICS control.
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2.2.2. Fuzzy Control Design

The fuzzy controller utilizes the temperature error e (the difference between the set
value of temperature and the output of the process) and the temperature derivative of the
error ec as input variables, with the electric heating power serving as the output variable,
forming a dual-input and single-output fuzzy controller.

Considering the desired control accuracy with £0.5 °C at a steady state, the linguistic
values for both the input and output variables are categorized into seven levels: {NB, NM,
NS, O, PS, PN, and PB}, which correspond to {negative large, negative middle, negative
small, zero, positive small, positive middle, and positive big}.

The Gaussian membership function is advantageous due to its smooth and contin-
uous nature, allowing for an accurate representation of fuzzy sets with varying degrees
of membership. So, the Gaussian membership function is selected for the membership
function with Equation (14).

(x=¢)?
Hoy =€ > (14)

Table 1 contains the rule base for controlling the heating temperature. These parame-
ters specifically depend on the designer’s knowledge and experience. As the focus of this
paper is on FCICS design, the rule-based design approach will not be discussed.

Table 1. Fuzzy control rule list.

EC

u NB NM NS 70 PS PM PB

NB PB PB PB PM PM PS PS

NM PB PM PM PM PS PS NS
NS PM PS PS ZO NS NM NM
E Z0 PS PS ZO ZO Z0O NS NM
PS PS PS ZO NS NS NM NM

PM PS NS NS NM NM NB NB

PB NS NS NM NM NB NB NB

The Mamdani fuzzy system is selected for the fuzzy inference system and fuzzy
decision making is completed using the minimum method to realize the fuzzy intersection
operator and the maximum method to realize the fuzzy operator. The defuzzification
process utilizes the center of gravity method, which is used to extract the fuzzy control
lookup table, with the outcomes presented in Table 2. The advantage of using the center
of gravity method is that it includes and utilizes all the information of the fuzzy set and
adjusts it according to the degree of the membership degree. The corresponding formula is
given by Equation (15):

U — L Xi X py(Xi)
@ v (X))
where, jy(X;) and X; are the values of the membership degree and the input variables of
the affiliation function, and u ;) is the exact output, which represents the center of gravity
point of the area enclosed by the fuzzy membership function curve and the horizontal
coordinate axis.

(15)
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Table 2. Fuzzy control data table.
E
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
—6 6 6 5.36 525 525 427 4 4 4 2 1.83 1 0
=5 6 525 5.25 4.27 4.27 4.27 4 3 3 2 0.81 0 -1
—4 5.36 525 525 4.27 4 4 4 3 217 1.18 0 -0.8 —1.83
-3 4.27 427 4.27 3.27 3 3 3 2 1 0 -1 -1 -2
-2 4 4 4 3 2 2 2 1 0 -1 -2 -2 -2
-1 4 3 3 3 2 1 1 0 -1 -1 —2.23 -3 -3
EC 0 4 3 217 2 2 1 0 -1 -2 -2 —-2.17 -3 —4
1 3 3 223 1 1 0 -1 -1 -2 -3 -3 -3 —4
2 2 2 2 1 0 -1 -2 -2 -2 -3 —4 —4 —4
3 2 1 1 0 -1 -2 -3 -3 -3 -3.27 —427  —4.27 —4.27
4 1.83 0.81 0 -1.18 —2.17 -3 —4 —4 —4 —4.27 —5.25 —5.25 —5.36
5 1 0 —0.81 -2 -3 -3 —4 —4.27  —4.27 —4.27 —5.25 -5.25 —6
6 0 -1 —1.83 -3 —4 —4 —4 —427 =535 =521 —5.36 —6 —6

2.2.3. Integral Control Design

The integral control eliminates the system’s static error [34]. When the error value
is within the threshold u, it performs a regulatory function. The discrete mathematical
relationship formula is expressed by Equation (16):

K
Un=Ki [ e()T (16)
j=0

where e(j) is the error between the set value and the feedback value, °C, and T is the time
inS.

3. Results
3.1. Model Simulink of the Heating Source Temperature

Figure 3 shows the model of the heating source temperature control system. The first
control loop implements the FCICSC control, while the second control loop employs the
PID control strategy. By comparing the variations in the output curves of both control
loops under identical input conditions, the simulations serve to validate the stability of the
FCICSC control.

FCICS Control

1
L d
E—‘th_r:shold decision

BiA

fuzzy control *‘U’M‘v

Integral control

Electric heating unit

. H_‘ signal hysteresis

target
temperature

Interference signal

»—»@—»PID(S "\/‘ > D%( =@ > '

‘ Electric heating unit signal hysteresis

PID Control

Figure 3. Simulation system structure diagram.



Energies 2024, 17, 3824

9of 18

=
o
(=]

Temperature{'C)

(a) Step response curve with the sinusoidal input signal.

3.2. Verification and Analysis of the FCICS Control
3.2.1. Disturbance of the FCICS Control

The target temperature of the material is set to be 121 °C, with the simulation duration
set for 600 s. Once the system reaches a stable state, it is subjected to disturbances at the
400th second, causing deviations from the target temperature of either plus or minus 20 °C.
The simulation results are shown in Figure 4.

150 /-\

R NI e N

——

T 00l F 100 |
5 100 g 100
= I
2 g
E so0f E 50
2 ——FCICS Control - ——FCICS Control
= Traditional PID Control ~——— Traditional PID Control
0 X ) Target Temperature 0 . . Target Temperature
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(S) Time(S)

(a) Positive disturbance. (b) Negative disturbance.

Figure 4. Disturbance response curve.

During the temperature rise phase, the PID control reaches the target temperature
faster than the arrival time of the FCICS control. However, due to the 20.9% maximum
overshoot in the PID control, the system needs to stabilize at the 200th second. In contrast,
the FCICS control requires only 120 s, illustrating its advantage of a shorter time required
to reach the steady state and less overshooting is required. In addition, when external
environmental factors perturb the hot water temperature, the FCICS control demonstrates
a shorter recovery time to the target temperature compared to the PID control.

3.2.2. Following Performance of the FCICS Control

In the process of material drying, different heating temperatures are required at
different stages due to changes in material composition. Therefore, the heating temperature
is not a static value in the drying operation. The target temperature for the material is set
as a sinusoidal signal, as defined by Equation (17). The simulation curve and the deviation
curve between the target value and the output value are shown in Figure 5.

y = 10sin(0.0577)+124 (17)

(=
(=]

o
(=]

==FCICS Control

5y Traditional PID Control
/ z
|-
3
2
m
|
]
o
E
——— FCICS Control 7] — .
—— Traditional PID Control =
) ) Target Temperature
100 200 300 400 500 600 0 100 200 300 400 500 600
Time(S) Time(S)

(b) Deviation variation curve.

Figure 5. Variability curve of followability.

Under the FCICS control, the feedback temperature closely follows the set temper-
ature, with the difference between them approaching 0. This provides a strong tracking
capability, meeting the temperature requirements during the material drying process. On
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the contrary, the feedback temperature of the PID control is always difficult to follow the
target temperature, with the difference between them ranging from —5 to 5, exhibiting an
obvious hysteresis.

Based on the above analysis, the FCICS control has followed the target value compared
to the PID control. The improved followability of the temperature control system is suitable
for the VBD’s process requirement of varying the temperature.

From the analysis presented, it is evident that the FCICS control outperforms the
PID control in terms of following the target value. The enhanced followability of the
temperature control system is well suited to meet the process requirements of Variable Belt
Drying (VBD), which involves adjusting temperatures dynamically.

3.2.3. The Anti-Jamming Ability of the FCICS Control

The controller is disturbed by noise signals during operation, which affect the normal
regulation of the control system. In the scenario where the control output signal of the
simulation model experiences continuous disturbance, the output curve appears curved, as
depicted in Figure 6.

G 150 /\

- I —

o =

=

2 100

m

Lo

a

E 50 ———FCICS Control

= Traditional PID Control
0 Target Temperature

0 50 100 150 200 250 300
Time(S)

Figure 6. Output curve of fuzzy control and PID control after constant interference from outside.

In the stabilization stage, when the PID control is disturbed by the noise signal, the
unit step response curve exhibits significant volatility, with fluctuation ranges between
—4 and 4. In contrast, the FCICS control demonstrates a more robust performance, with
the feedback temperature fluctuation post-disturbance confined to a narrower range from
—2 to 2, which is half of that of the PID control. It shows that the FCICSC approach has a
greater anti-jamming ability than the PID control.

In various scenarios, the FCICS consistently demonstrates remarkable stability and
convergence, with temperature output curves smoothly transitioning and stabilizing to
reach the desired target value. This consistent performance highlights the strategy’s robust
stability and convergence characteristics.

3.3. Experimental Validation

The VBD system constructed in Figure la serves as a test platform to verify the
feasibility of the practical application of the FCICS control in the VBD system. The PT100
sensors (platinum resistance thermometer sensors), MIK-P300 pressure transmitter, and
SFT411 metal rotor flowmeter are employed to measure hot water temperature, vacuum
pressure, and hot water flow, respectively. The PLC controller chosen for this system is the
Siemens 57-200 SMART. For the drying test, the traditional Chinese medicine extract with
65% viscosity was selected as the drying material.

In accordance with the fuzzy control design principles, the fuzzy control data, as
shown in Table 2, and integral control equations, in ladder diagram language, are incorpo-
rated into the PLC. As a point of comparison, PID control is also implemented. Employing
the 4:1 attenuation method, the proportional, integral, and differential coefficients of PID
control are set at 15, 1.2, and 0.02, respectively.
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3.3.1. The Target Value Changes the Effect on the Heating Source System

The initial temperature inside the hot water tank is set at 80 °C. For the first 78 min,
the hot water is heated to reach a target temperature of 90 °C. Subsequently, the target
temperature for the hot water is further increased to 95 °C.

As depicted in Figures 7 and 8 and Table 3, the water temperature under the FCICS
control rises at a rate of 0.34 °C/min in the first pre-stage. In contrast, the average rise rate
of the PID control is slightly lower at 0.27 °C/min. At a steady state, the FCICS control
exhibits an improved stable state error of just 0.42 °C, which is significantly lower than
the 0.73 °C stable state error associated with the PID control. Reference [27] indicates
that during drying mode 2 and mode 3, the temperature deviation range in the stable
phase spans from 1.06 °C to 3.06 °C, exceeding the control precision of the FCICS control.
Additionally, the maximum overshoot in the FCICS is only 78.74% of that in the PID control,
indicating a more precise control over the system’s response. The stabilization time for the
FCICS control is notably shorter, amounting to just 75% of the stabilization time required
by the PID control, signifying an enhancement in the temperature control characteristics.
It is consistent with the simulation trends in Figures 4 and 5. The increase in heating
temperature is favorable to enhance the material drying rate, which is consistent with
the study of Jingke Wu et al. (2021) [15]. Concurrently, maintaining a smaller degree of
temperature fluctuation is beneficial for ensuring the drying quality of the material during
the drying process.

100
o 95
-
@
=
© 90
[\F]
o I
5 !
® 85 |
- Target Temperature
l?Bn‘Iin = Traditional FID Control
|. = FCICS Contral
80D

0 a0 60 80 120 150 180 210
Time(min)

Figure 7. Temperature variation curves for different target temperatures.

-
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T
@
=
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-
c
=
]
-
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-
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S © © o

Time{min)

Figure 8. Positive and negative changes in temperature deviation for different target temperatures.
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Table 3. Comparison of main parameters.
Name Condition of Rising and Stable Stage Change the Set Point Condition
Control strategy Stabilization time Stability precision Maximum overshoot Adjusting time Stability precision
FCICSC 29 min 0.42°C 1.0°C 18min 0.35°C
PID 37 min 0.73°C 1.27°C 24min 0.65°C

Regarding the convergence of the FCICS control, during the initial 30 min, the tem-
perature deviation gradually decreased from 9 °C to 0.42 °C through numerous iterations.
Between the 30th and 90th minutes, the temperature deviation consistently fluctuated
within the narrow range of [-0.42 °C, 0.42 °C], indicating the system’s effective regulation
capability. With a subsequent 5 °C increase in the target temperature, the temperature
deviation exhibited a progressive decrease. This consistent trend, reflecting the convergence
observed in the preceding 90 min, highlights the system’s consistent stability across varying
target temperatures, demonstrating its excellent convergence.

Figure 9 presents the histogram and the Gaussian kernel density function of tempera-
ture difference. The center value of the kernel density function of the FCICS control is more
closely aligned with 0 °C compared to that of the PID control, which fully demonstrates
that the FCICS control is more credible and accurate.

400
I:|demonal PID Control o
= 2|0 Kernel density function
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Figure 9. Histogram distribution, normal density function, and local zoom plots of temperature
deviation for different target temperatures.

Figure 10 illustrates that during the initial 30 min of operation, the FCICS control
primarily utilizes fuzzy control and operates at 100% of the full electric heating power. This
is because the temperature deviation exceeds the 3 °C threshold between the feedback value
and the target value. Once the temperature deviation falls below 3 °C, the integral control
is integrated into the control strategy, complementing the fuzzy control to adjust the electric
heating power more precisely. Then, the electric heating power is gradually decreased.
Upon reaching the target temperature, the electric heating power fluctuation ranges from
6.8 kW to 9.3 kW, which is smaller than the fluctuation range between 5.3 kW and 11.2 kW
for the PID control. After 78 min, the target temperature is adjusted to 95 °C. Regarding the
rising temperature rate, the FCICS control exhibits an improvement of nearly 35% in the
rising temperature rate compared to the PID control. Post stabilization, the FCICS control
maintains a narrower fluctuation range of 7.4 kW to 10.6 kW, which is advantageous over
the broader range of 6.7 kW to 12.1 kW for the PID control, facilitating more precise control
over the heating temperature.
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Figure 10. Variation curves of electric heating output power for different target temperatures.

With regard to the overall heating energy consumption, the PID control strategy
consumes approximately 37.95 kW over a period of 225 min. In contrast, the FCICS
control system consumes an estimated 37.28 kW during the same timeframe, which reduces
the overall heating energy consumption of the system by 1.77%. The decrease in energy
consumption can be attributed to the FCICS control’s ability to minimize water temperature
fluctuations, particularly reducing peak values. By maintaining a lower average heat
transfer temperature difference with the environment, the FCICS control effectively reduces
the heat losses transferred to the surroundings. Consequently, this reduction in heat
loss leads to less demand for electric heating power, resulting in a decrease in energy
consumption.

As seen in Table 4, with the vacuum cavity at atmospheric pressure, the water transient
heating phase is from 0 to 38 min, and the water stable state phase is from 39 to 77 min. After
changing the target temperature, the water transient heating stage is from 78 to 102 min,
and the water stable state stage is from 103 to 225 min. The integral performance criterion
coefficients of the FCICS control decrease, which reflects the excellent control performance.
It shows that the FCICS control reaches the set temperature more rapidly than the PID
control, exhibiting better stability and robustness.

Table 4. Integration performance criterion for different target temperatures.

Name  Control Strategy 0-38 min 39-77 min 78-102 min 103-225 min
PID 163.48 13.96 38.26 32.79
IAE FCICS 132.36 9.72 30.42 2405
PID 33.22 13.88 54.12 89.71
ITAE FCICS 20.78 9.54 261 64.54
PID 941.01 8.93 90.09 17.03
ISE FCICS 791.56 441 69.84 6.46
PID 135.93 9.48 124.06 47.12
ITSE FCICS 89.81 446 95.16 16.74

3.3.2. Vacuum Effect on the Heating Source System

In the VBD system, the implementation of vacuum technology reduces the moisture
saturation temperature within the material, accelerating the material drying rate. Therefore,
the vacuum was utilized as a variable to evaluate the performance of the FCICS control.
The target temperature is set at 100 °C, with the initial temperature being 95 °C from the
previous experiment. The water flow rate remained constant at 20 L/min, and the pressure
in the vacuum chamber was maintained at 10 KPa for the first 75 min. Subsequently, at the
75th min, the vacuum release valve was opened and the pressure of the vacuum chamber
gradually increased to the ambient pressure, as depicted in Figure 11.
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Figure 11. Vacuum degree change curve.

Figures 12 and 13 and Table 5 show that the water temperature rises at 0.312 °C/min,
approaching the target temperature swiftly with a steady-state error of 0.43 °C in the FCICS
control, which is consistent with the study of Ricardo L et al. (2020) [35]. In contrast, under
the PID control, the water temperature rises at 0.25 °C/min with a steady-state error of
0.71 °C. Moreover, the maximum overshoot of the FCICS control is 72.22% lower than that
of the PID control, while the stabilization time of the FCICS control is 80% of that of the
PID control. As analyzed above, the FCICS control exhibits significantly better temperature
control characteristics. This is consistent with the simulation trend in Figure 9, where the
temperature regulation reliability of the electric heating control system is improved, which
is conducive to maintaining the stability of the heating temperature.
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Figure 12. Effect of vacuum on temperature variation in different vacuum degrees.
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Figure 13. Positive and negative changes of temperature deviation in different vacuum degrees.
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Table 5. Performance table of control parameters in different vacuum degrees.
Name Condition of Rising and Stable Stage
Control strategy Stabilization time Stability precision Maximum overshoot
FCICSC 12 min 043 °C 1.17°C
PID 15 min 0.71°C 1.62°C

After several iterations within the initial 10 min, the temperature deviation steadily
decreased from the maximum value of 5 °C to 0.43 °C. Then, the temperature deviation
exhibited stable fluctuations within the narrow range of [-0.43 °C, 0.43 °C]. At the 75th
minute, the fluctuations in vacuum levels within the chamber had a negligible impact on
the temperature deviation. This underscores the resilience of the FCICS control against
external disturbances, ensuring the consistent maintenance of temperature within the
desired range and sustaining its satisfactory convergence.

Figure 14 illustrates the temperature difference histogram and the Gaussian kernel
density function. The central value of the kernel density function in the FCICS control is
closer to 0 °C compared to the PID control, with a larger weight, demonstrating the greater
credibility and accuracy of the FCICS control.
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Figure 14. Histogram distribution and normal density function of temperature deviation in different
vacuum degrees.

In Figure 15, the output power variation curve for both control strategies is presented.
Initially, the FCICS control operates at maximum power, while the PID control gradually
ramps up to maximum power. During the stabilization phase, the fluctuation range of
electric heating power for the FCICS control (2.4 kW to 5.2 kW) is narrower than that of
the PID control (2.1 kW to 5.8 kW). At the 78th minute, as the vacuum degree increased
from 10 kPa to ambient pressure over a period of 5 min, the water temperature remained
unaffected, although the electric heating power consumption of the system gradually
increased. The total heating energy consumption after 92 min is approximately 11.63 kW
for the FCICS control and 11.95 kW for the PID control, resulting in a 2.68% reduction in
system heating energy consumption for the FCICS control. The reason is the same as the
analysis in the last section. Besides that, because the target temperature is higher than the
temperature set in the last section, the heat exchange with the environment is also increased,
which makes the proportion of power consumption reduced by the FCICS control larger
than the proportion of power consumption reduced in Section 3.3.1.
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Figure 15. Variation curves of electric heating output power in different vacuum degrees.

Table 6 shows the error integral criterion coefficients under different vacuum pressures.
The periods are categorized as follows: 0-15 min represents the transient stage under
10 kPa vacuum pressure, 16-77 min signifies the stable stage under 10 kPa, and 78-92 min
indicates the steady state at an atmospheric pressure. The integral performance criterion
coefficients of the FCICS control are all reduced. It shows that the FCICS control makes the
temperature control system improve the performance of suppressing errors, which avoids
the overheating of materials during drying in a vacuum environment.

Table 6. Integration performance criterion for different vacuum states.

Name Control Strategy 0-15 min 16-77 min 78-92 min
AE PID 30.03 13.99 2.87
FCICS 21.48 8.83 219
PID 256 9.95 407
ITAE FCICS 147 6.51 3.06
B PID 82.25 493 0.76
FCICS 55.09 1.81 0.46
PID 497 3.58 1.08
ITSE FCICS 229 131 0.64

4. Conclusions

This study takes the VBD as the research object and proposes a combination of fuzzy
control and integral control to execute different control strategies based on real-time condi-
tions for the heating source temperature. The performance coefficient and error integration
criterion serve as evaluation criteria through simulation and experimental verification. The
optimized operation of the heating system enhances the stability of the heating temperature,
and the following conclusions are obtained.

The FCICS control system leverages fuzzy control and integral control to perform
different regulations based on real-time parameters, harnessing the robust stability of fuzzy
control and the error-eliminating characteristics of integral control. It results in a 20%
increase in material warming rate while ensuring that the material temperature remains
close to the target temperature without surpassing it. Compared with the PID control,
the FCICS control demonstrates a significant improvement, with integration performance
criterion coefficients reduced by 36.8%, 71.8%, 6.6%, and 46.8%, indicating a superior
control performance. This control strategy not only enhances material drying rates and
quality but also reduces electric heating power consumption by over 1.74%, leading to
notable economic benefits. It is very effective in controlling and optimizing the heating
process of the VBD. Moreover, with only four sets of parameters, this control strategy is
simpler than other complex controls, hinting at promising industrial applications. In future
work, the FCICS control can be applied to other drying technologies in order to show its
generalizability in real time.
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Abbreviations

Nomenclature ITAE Integral of Timed Absolute Error

cp specific heat capacity, k] kg=1°C~! ITSE Integral of Time Square Error

h enthalpy (k] /kg K1) NB negative large

m mass flow rate (kg/s) NM negative middle

T temperature (K or °C) NS negative small

p pressure (KPa) PS positive small

Q heat exchange power (kW) PN positive middle

t time (s or min) PB positive big

T temperature (K) Greek symbols

\% volume (m?) A Difference between before and
after moments

Acronyms i Defuzzification output

VBD Vacuum belt drying o Variance

FCICS Fuzzy control and integral control synergistic ~ Subscripts

PLC Programmable logic controller in input

IAE Integral of Absolute Error out output

ISE Integral of Square Error i sample j
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