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Abstract: Accurate temperature control during the induction heating process of carbon fiber
reinforced polymer (CFRP) is crucial for the curing effect of the material. This paper first builds
a finite element model of induction heating, which combines the actual fiber structure and resin
matrix, and systematically analyzes the heating mechanism and temperature field distribution
of CFRP during the heating process. Based on the temperature distribution and variation
observed in the material heating process, a PID control method optimized by the sparrow search
algorithm is proposed, which effectively reduces the temperature overshoot and improves the
response speed. The experiment verifies the effectiveness of the algorithm in controlling the
temperature of the CFRP plate during the induction heating process. This study provides an
effective control strategy and research method to improve the accuracy of temperature control
in the induction heating process of CFRP, which helps to improve the results in this field.
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1. Introduction

The superior physical and chemical properties of CFRP make it increasingly
widely used in daily life, especially in the fields of aerospace, automobiles, and energy,
where the application scope of CFRP is constantly expanding and its consumption is
increasing year by year. This puts forward higher standards for the heating rate, energy
utilization, and pollutant emission of CFRP in the curing process. For this purpose,
scholars have proposed many innovative curing and molding methods, such as infrared
thermal radiation, resistance heating, ultraviolet light, induction heating, etc. Among
them, induction heating technology has many advantages, such as high efficiency,
energy savings, a small footprint, non-contact, etc. Combining it with the curing and
molding of CFRP can significantly improve the heating rate of the material, reduce
manufacturing costs, and reduce the intrusion of external impurities. However, the
arrangement of carbon fibers inside the material directly affects the heating effect and
the distribution of the temperature field during the heating process, and the distribution
of the temperature field directly affects the molding quality of the composite material.
Therefore, it is necessary to explore the spatiotemporal variation of the temperature
field generated by CFRP with different fiber arrangement modes in the induction
heating process.

The application of induction heating technology in CFRP curing and molding is
increasing, which has attracted the high attention of scholars in the industry, and they
have conducted in-depth research on the heating principle and temperature distribution
of CFRP in the induction heating process. Fink et al. [1] discussed that the condition
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for forming an eddy current in CFRP during induction heating is that there is an
effective closed circuit between the fibers. For this purpose, carbon fiber bundles need
to be cross-woven in other ways to form the laminated structure of CFRP. Yarlagadda
et al. [2] analyzed the three overlapping contact modes of fiber bundles during
weaving, which correspond to three heating modes of resistance heating, capacitance
heating, and resistive-capacitive heating, respectively, affecting the heat generation
and heating rate at the nodes. Kim et al. [3]. studied the method to determine the
dominant heating mechanism of carbon fiber induction heating under different
weaving/overlapping modes, and established a numerical analysis model of CFRP
induction heating including three heating mechanisms. Lundstrom et al. [4].
established a finite element simulation model of CFRP induction heating, and studied
the influence of carbon fiber volume fraction, laying mode, and fiber orientation on
the temperature field distribution of CFRP induction heating.

When induction heating CFRP, the heating process, temperature regulation speed,
and temperature value accuracy of the temperature field directly determine the
molding quality of CFRP, so the control algorithm is very important for the production
of induction heating CFRP. The performance of the controller is affected by the
parameter adjustments [5,6]. In order to find the suitable controller parameter set, there
are many methods proposed, such as the Ziegler-Nichols method [7], the ant colony
optimization algorithm [8,9], and the neural network method [10]. However, the model
of the induction heating system changes with the environment, induction coil, and
workpiece. Therefore, the neural network lacks a pre-trained data set. Some studies
[5,11,12] show that a fuzzy PID controller that combines the structure of a PID
controller and the expert knowledge of FIS, has excellent control performance.
Soyguder et al. [13] designed an adaptive fuzzy PID controller, which adjusts the PID
parameters online according to the temperature error and error change rate of the
HVAC system, and achieves the minimum setting time and zero steady-state error.
Chang et al. [14] deeply analyzed all the quantization factors and developed a self-
tuning module that used finite element analysis to simulate the control ability of a self-
tuning fuzzy logic controller and conducted experiments on the induction heating
system, verifying the effectiveness of the method. Chowdhury et al. [15] proposed a
fuzzy self-tuning PID controller for a preheating recovery system, tested the set point
tracking and disturbance suppression ability in steady-state and transient heat cases,
and found that the fuzzy self-tuning PID controller greatly reduced the calculation time
and significantly improved the control performance. Wang et al. [16] proposed a
temperature control method of induction heating system based on a variable domain
fuzzy controller, and the simulation results showed the effectiveness and superiority
of the temperature control system. These studies prove the effectiveness of fuzzy PID
in temperature control systems, but for induction heating CFRP, which is a fast heating
system, the accurate mathematical model and robustness of the temperature control
system are very important.

In order to avoid falling into the local optimum and ensure control accuracy and
optimization performance, this paper proposes a PID control algorithm based on
sparrow search (SSA-PID) and compares SSA-PID with particle swarm optimization
PID algorithm (PSO-PID) and PID control. The conclusion is that SSA-PID has a
smaller overshoot and faster adjustment time than the other two algorithms.
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2. CFRP induction heating principle and analysis

Alternating magnetic field generates an induced electric field E(V/m) in

carbon fiber structure, which can be expressed in the form of frequency as follows:
E=—jwA (1)

In the equation, j2 = —1, w = 2 *nf(rad/s)is the angular frequency, and
f(Hz) is the magnetic field frequency.

The total current sum generated in the fiber structure consists of conduction
current J; = oF and displacement current J; = jwD:

Ji =Ji +Ja = 0E + jwD )

The eddy current in the fiber structure and the Joule heat generated by its own
resistance are the heating heat sources of CFRP, where the heat source Q4 ; (W/m?)
can be expressed as follows:

Qni=Ji E (3)

When the power supply is activated, the heat generated by the induced current in
the fiber bundle is transferred to the surrounding fiber bundle, resin, and ambient air.
The heat conduction of the fiber part can be expressed by Fourier’s law of heat
conduction:

pCpZ—I +V-(—=kVT) =Q 4

In the equation, p(Kg/m’) is the density of the material, C,(J/kg'K) is the
specific heat capacity of the material, k(W/m-K) is the thermal conductivity of the
material, and Q(W/m®) is the heat emitted by the heat source.

As epoxy resin is a phase change material, it releases heat during the curing
process from liquid to solid. The heat conduction equation when the phase change
occurs in the resin is as follows:

pCpp- VT + V- (=kVT) = Q 5)

In the equation, p(m/s) is the flow velocity of the resin when heated.

The resin gradually releases latent heat L(J/Kg) during the process of gradually
changing from the liquid phase to the solid phase during heating. Since we only
consider the heat release of the material during heating, in order to make it easier to
calculate, we assume that the phase change temperature of the resin occurs between
Ty —AT/2 and T, + AT /2. In the interval of phase change reaction, the material
is modeled by a smooth function; 6 represents the fraction of phase in the transition
process, from 6 =0 when the temperature is T, —AT/2, to 8 =1 when the
temperature reaches T, + AT /2. In the equation, p is the density of the material,

and H is the specific enthalpy, which will be expressed as follows:

1 Ja
C,=H+C,(T) = ;(9P1Cp1 + (1 —0)p,Cp) + Lﬁ (6)
The latent heat distribution C; can be expressed as follows:
Ja
C,=L— 7
L= Lo (7)

The total heat released per unit volume during phase change is equal to the latent
heat:
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TPC+A2_TC 3 TPC+ATT da g
f | L(T)dT_Lf o AT =1 @®)
Tpe= Tpe=>

In the induction heating process, when the temperature of the object is higher
than the external environment, the heated object exchanges heat with the surrounding
environment after heating, and the exchange with the air is the most important, so the
convective heat flux of the air needs to be considered:

~KVT = h(Tgmp — T) ©)

In the equation, h(W/m?K) is the heat transfer coefficient determined by the
boundary type and surface properties, Ty, is the external air temperature, and T is
the surface temperature of the heated material.

When the temperature gradually rises, the thermal radiation generated by the
material needs to be considered, and the diffuse surface uniformly releases radiation
intensity in all directions. The surface radiation intensity of the material is:

—kVT = ey(Tamp — T%) (10)

In the equation, € is the emissivity of the material surface, and y is the
Boltzmann constant.

This study uses COMSOL as the simulation platform and establishes a finite
element analysis model with the plain weave structure of CFRP as the geometric model,
as shown in Figure 1. The size of CFRP in the model is 60 mm % 60 mm x 5 mm, the
induction coil size is 30 x 20 mm, the number of turns is 50, the current size is 16A,
the frequency size is 13 kHz, the external environment temperature is 20 °C, and the
distance between the coil and the carbon fiber surface is 2.5 mm. The parameters
assigned to each material in the geometric model are shown in Table 1, and the
parameters are obtained from the CFRP manufacturers and the COMSOL material
library.

Figure 1. Finite element analysis model of plain weave structure CFRP.

Table 1. Simulation parameters.

Air Carbon fiber bundle Resin Coils

Thermal Conductivity (W/(m-K)) N/A 30 0.2 N/A
Heat Capacity (J/(kg-K)) N/A 1000 1000 N/A
Density (kg/m?) N/A 1500 1200 8960
Electrical Conductivity (S/m) 0 6.4 x E* 1 xE2 6 x F’
Relative Permittivity 1 — 3.2 1
Relative Permeability 1 1 1 1
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From the simulation results in Figure 2, it can be seen that when induction
heating CFRP, the temperature rise of the material mainly occurs in the heat source
area near the outer circle of the induction coil in the initial stage and presents a ring-
shaped temperature field distribution. With the increase in heating time, the heat
transfers along the fiber bundle direction, making the overall temperature of the
material rise. The temperature field distribution also gradually changes from ring-
shaped to cross-shaped, spreading along the X-axis and Y-axis directions. The center
area of the material heats up the fastest and finally reaches the same temperature as

the heat source area, and the value is the largest.

L,

ta) 10s (b)) Imin (¢) 10min (d) 20min
Figure 2. Change rules of temperature field of CFRP induction heating.

3. Induction heating temperature control

3.1. Sparrow search algorithm principle

In the induction heating process, the mixing mode of the resin matrix and fiber
structure in carbon fiber composite material, as well as the interlayer heat conduction
process, will cause a difference between the temperature value recorded by the infrared
sensor and the actual internal temperature value of the material. In addition, the
inherent lag of the temperature control system makes it more challenging to control
the temperature of CFRP during heating. This is especially important in the curing and
molding process of CFRP because a high temperature value will affect the molding
quality of the material. Therefore, reducing overshoot in the material heating process
is essential for improving the quality of material curing and molding. In order to realize
the quantifiable optimization of control factors and improve control accuracy, this
study adopts a sparrow search algorithm to optimize the PID control method. The
schematic principle of the control method is shown in Figure 3, and the flow chart of
the method is shown in Figure 4.

¥

Sparrow search
algorithm

Kp Ki Kg

v

_ ;(é? »  PID Contorller [ Electromagnetic Induction | ¥(t)
e Heating System

Figure 3. Schematic diagram of PID algorithm optimized by the sparrow search

algorithm.
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Figure 4. PID control algorithm flow chart optimized by the sparrow search

algorithm.

First, calculate the current fitness value of each sparrow and store the individual
and position information in the local extremum. Traverse the individual extremum,
select the optimal individual information, and store it in the global extremum. In order
to ensure that the parameters have good selectivity, the fitness function defined in this

paper is as follows:
d

) =) 22 (11)
i=1

where x represents the position of the sparrow, and d represents the dimension. Then,
update the weight and learning factor, and modify the critical value of the crossover
probability. The crossover probability here is not a fixed value but is adjusted
according to the size of the population difference to avoid falling into the local
optimum in the later stage of evolution. By increasing the crossover probability in the
later stage, we can effectively escape from the local optimum. In addition, the equation
for updating the weight is as follows (12), the equation for updating the learning factor
is as follows (13 and 14), and the equation for modifying the adaptive crossover
probability is as follows (15).

Wimax — Wmin

W = Ww. -_—— iter 12
max iteTmay (12)
Cimax — C1imin .
€1 = Cimax — BT —— iter (13)
max



Journal of Polymer Science and Engineering 2024, 7(1), 4576.

C —C i
Cy = Comax — W - iter (14)
max
0.5
fg _fw (15)
1 +exp(_fg +fw+5)

where, w represents the inertia weight, wy,,, and wy,;, respectively represent the

p. =05+

maximum and minimum values of the inertia weight, iter represents the current
iteration number, itery,,, epresents the maximum iteration number, ¢; and c,
respectively represent the first and second learning factors, Cimgx and Cimin
respectively represent the initial and minimum values of the first learning factor,
Comax and Cymin respectively represent the initial and minimum values of the
second learning factor, p. represents the crossover probability, f, and f,
respectively represent the global optimal fitness value and the global worst fitness
value, ¢ represents a small constant, used to avoid the denominator being zero.
Then, update the speed and position of the sparrows according to Equations (16)
and (17). Next, calculate the new fitness value matrix of the individuals in the
population, and prepare for the subsequent genetic algorithm. If the sparrows are out
of bounds, randomly generate new positions and speeds within the specified range,
and replace the current positions and speeds.
b =wevij e Ry (o —xip) + oo Ry - (xg; = xi) (16)
W= a4 ol a7)
t+1

where, vf‘ ; represents the speed of the i-th sparrow in the j-th dimension, v;;

represents the updated speed of the i-th sparrow in the j-th dimension, xit, j represents

the position of the i-th sparrow in the j-th dimension, xfjl represents the updated
t

p,j represents the position of the

represents the position of the global

v

position of the i-th sparrow in the j-th dimension, x

optimal explorer in the j-th dimension, xgl j
optimum in the j-th dimension, R; and R, respectively represent the uniform
random numbers in (0, 1].

In addition, a danger warning mechanism is introduced. When there are predators
around, the sparrows will change their positions to avoid being preyed upon. The
position update equation for the danger warning is as follows:

xlgest,j +N(0,1)- |xit,j - ngest,j| if ft>ff
xitl = t

t
i,j t K- |xi,j - xworst,j' . t _ ot
Xij+ TFftie iffi =1g

i

where, x{ ; represents the position of the i-th sparrow in the j-th dimension, Xpest, j

(18)

represents the position of the best sparrow in the j-th dimension, x{,,, j represents
the position of the worst sparrow in the j-th dimension, f represents the fitness value
of the i-th sparrow, fgt represents the global optimal fitness value, f;; represents the
global worst fitness value, N(0,1) represents a standard normal distribution random
number, K represents a random number in [-1,1], & represents a small constant,

used to avoid the denominator being zero.
Finally, repeat the above steps until the stopping condition is met, which is
usually reaching the maximum number of iterations or reaching the preset target value.
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Output the position and fitness of the best sparrow as the optimal solution or
approximate optimal solution of the optimization problem.

3.2. Induction heating temperature control analysis

According to prior knowledge, the mathematical model of the CFRP induction
heating system can be expressed as a first-order inertia system with a lag link, and its
equation is as follows:

K
= .e~Ls 19
G(s) Ts+1 ¢ (15)

where K represents the inertia gain, T represents the inertia time constant, and L
represents the lag time.

This experiment is based on open-loop induction heating for data collection. The
temperature value is collected every 0.5 seconds, and the total heating time is 2000
seconds. A genetic algorithm is used to identify and fit the parameters. The final

transfer function equation for the system is as follows:

195.78
_ . ,—11.82s 20
G =ooi1s 71 ¢ 20)

In order to study the accuracy and anti-interference ability of SSA-PID control in
the temperature control of CFRP induction heating, this paper uses
MATLAB/Simulink as the simulation platform and establishes the control model of
the induction heating CFRP temperature control system. In the same simulation
environment, PID, the PSO-PID algorithm, and SSA-PID are compared and analyzed.
The Simulink model is shown in Figure 5, where line 1 represents PID control and
line 2 represents PSO-PID and SSA-PID, respectively.

— e me
-

‘I.

Figure 5. Simulation of induction heating temperature control simulink.

Figure 6 shows the fitness value and parameter change curve obtained by the
simulation model of the PID temperature control method optimized by the sparrow
search algorithm. It can be seen from the figure that with the increase in iteration times,
the proportion, integral, and differential coefficients are gradually adjusted and finally
stabilized, indicating that the sparrow search algorithm has good adaptability and anti-
interference characteristics in the CFRP induction heating control process. In addition,
the PID parameters will be automatically adjusted with the change in temperature
conditions.
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Figure 6. Change curve of proportional, integral, and differential coefficients.

As shown in Figure 7, the comparison of the three control algorithms for the
CFRP induction heating system shows that all three control algorithms eventually
achieved stable control. The traditional PID control system reached a steady state in
142.5 s, the PSO-PID control system reached a steady state in 99 s, and the SSA-PID
control system reached a steady state in 91.5 s. Compared with the traditional PID
control, the PSO-PID control system and the SSA-PID control system both have faster
response speeds and smaller overshoots. By comparing the PSO-PID and SSA-PID
control systems, it can be seen that the SSA-PID control system is superior to the PSO-
PID control system, mainly manifested in the SSA-PID control system has a faster
response speed and a smaller overshoot. Under the fact that the SSA-PID control
method, the temperature rise time, overshoot, adjustment time, and steady-state error
are minimized. This indicates that this control method has better dynamic performance
than the traditional control method, effectively improving the material forming quality.

—— PSO-PID

= SSA-PID

— PID

= = PSO-PID-Error|

,,,,,,,,,,,,,,,,,,, = = SSA-PID-Error|
% = — PID-Error

70' 5 i i 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Time (s)

Figure 7. Adaptive response of three control methods.



Journal of Polymer Science and Engineering 2024, 7(1), 4576.

4. Conclusion

In order to improve the temperature control accuracy and reduce the errors caused
by the heating lag of carbon fiber cloth and the inherent delay of the temperature
control system, this paper uses COMSOL as the platform, performs temperature field
analysis and calculation on the induction heating CFRP temperature control system,
collects the temperature output data from the initial state to the steady state of the
induction heating system, and uses a genetic algorithm to identify the system
mathematical model of the induction heating CFRP system. Matlab is used to simulate
and verify the temperature control model, and the simulation results of the PID, PSO-
PID, and SSA-PID algorithms are compared and analyzed. It is observed that the SSA-
PID controller has good performance, obtaining the minimum overshoot, the shortest
rise time, and the minimum adjustment time. Compared with the traditional PID
control method, SSA-PID shows significantly improved stability and accuracy, which
also indicates that the SSA-PID established in this study can more effectively adjust
the heating curve in the CFRP heating process.
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