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Abstract: There are many parts in industrial dispensing systems, and the temperature characteristics 

of these parts vary greatly. In response to this situation, a segmented adaptive PID temperature 

control method is proposed in this paper. This method combines a segmented temperature control 

algorithm with a variable control coefficient temperature control algorithm based on output power, 

which not only ensures that the system has a small overshoot but also ensures that the system has 

faster convergence speed and better robustness. At the same time, it greatly improves the scope of 

application and control accuracy of the temperature controller. The experimental results show that, 

under the same experimental conditions, compared with the traditional PID method, the overshoot 

of the proposed method is reduced by 2 to 4 degrees Celsius, the convergence speed is increased by 

about 30%, and the temperature fluctuation amplitude after being disturbed is reduced by about 0.2 

degrees Celsius. 

Keywords: temperature control system; dispensing application system; segmented PID; anti-

interference 

 

1. Introduction 

Precision temperature control is a key technology in the industrial dispensing system. To ensure 

the stable quality of the products produced by the dispensing applicator, various components such 

as the press plate, quantitative filling machine valves, heating module, adhesive gun copper sleeve, 

and adhesive gun valve block need to be stabilized at different temperature settings. It is required 

that the temperature fluctuations are minimized, and the anti-interference capability is as strong as 

possible.  

In the traditional Proportional-Integral-Derivative (PID) algorithm, it is necessary to tune and 

set the proportional coefficient (KP), integral coefficient (KI), and derivative coefficient (KD) for a 

specific controlled object [1,2]. The traditional approach is to determine the PID coefficients based on 

certain tuning rules after obtaining the mathematical model of the object. Examples of such methods 

include the Ziegler-Nichols method [3,4], the pole placement method [5], the M-constrained Integral 

Gain Optimization (MIGO) tuning method [6], the Kappa-Tau method [7], and the Internal Model 

Control (IMC) tuning method [8,9]. 

However, in industrial adhesive dispensing systems, numerous controlled processes exhibit 

complex dynamics characterized by nonlinearity, time-varying uncertainty, and hysteresis due to 

their intricate mechanisms. Any variation in operational conditions may result in alterations to 

system model parameters, necessitating potential structural adjustments to the controller itself [10]. 

Under such circumstances, previously optimized coefficients fail to maintain control system 

performance, necessitating real-time parameter recalibration [11]. 

Consequently, conventional PID controllers demonstrate significant limitations in industrial 

adhesive dispensing applications, primarily manifesting as: 

• Challenges in achieving optimal parameter tuning 
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• Excessive temperature overshoot 

• Suboptimal control precision 

• Prolonged convergence times 

Aiming at these problems, literature [12–14] proposed a control strategy that uses a fuzzy 

controller to adjust the PID parameters online. Reference [15,16] proposes the idea of using an 

improved particle swarm optimization algorithm to optimize the proportional factor in the fuzzy 

controller, thereby overcoming the problem of defuzzification control overly relying on expert 

experience. References [17–19] proposed the idea of using the neural network’s self-learning ability 

to automatically adjust the parameters of the traditional PID algorithms. However, both above 

methods have high computational complexity, which places high demands on the computational 

performance of the controller and invisibly increases the production cost of equipment 

manufacturers.  

Aiming at these shortcomings of traditional temperature control methods, an adaptive PID 

temperature control method is proposed in this paper. The method combines a segmented 

temperature control algorithm with an algorithm that has variable control coefficients based on 

output power. This method can reduce the overshoot and accelerate the convergence speed of the 

algorithm while maintaining a relatively low computational load. 

Compared with the traditional PID method, under the same experimental conditions, the 

overshoot is reduced by 2 to 4 degrees Celsius, the convergence rate is increased by about 30%, and 

the temperature fluctuation range is reduced by about 0.2 degrees Celsius after interference. 

2. Preliminary Studies 

This section mainly introduces the temperature control scenario and the transfer function of the 

industrial adhesive dispensing heating system, and also provides the basic knowledge for the 

temperature control algorithm to be introduced later. 

2.1. The Structure of Industrial Dispensing Temperature Control System 

The overall structure of the industrial adhesive dispensing heating system is shown in Figure 1. 

It consists of a multi-channel Thyristor Heater (TH), an Industrial Adhesive Dispensing System 

(IGDS), a multi-channel Temperature Sampling device, and an Embedded Temperature Controller 

(EC). The thyristor heater, PTC ceramic heating sheets, thermocouple Temperature Sensors (TS), and 

the device under test (DUT) are placed in the production site. The TH is responsible for providing 

heat to the DUT through the ceramic heating sheets. The TS is responsible for feeding back the heat 

of the DUT to the EC. The EC controls the output power of the TH through an intelligent algorithm 

to keep each part of the DUT at the set temperature. In the industrial adhesive dispensing system, it 

is required that the industrial adhesive enters from the pressure plate and passes through each 

component of the DUT in sequence, and gradually heating up. Finally, when the adhesive reaches 

the outlet of the DUT (i.e., the adhesive gun valve), the temperature also reaches the set value, thus 

meeting the process requirements of the industrial adhesive dispensing system. 
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Figure 1. Structural diagram of industrial dispensing system. 

2.2. Transmission Model of the Heating System 

The industrial adhesive dispensing temperature control system uses a thyristor to output stable 

power, which is loaded onto the PTC ceramic heating element to heat the object being heated. Due to 

the different absorption efficiencies of various components and the presence of flowing adhesive 

materials inside the heated object, the entire heating system often exhibits nonlinear and time-delay 

characteristics in terms of temperature control. Therefore, the transfer function of this temperature 

control system should be a high-order model, which poses challenges to the design of temperature 

control. 

Now, taking the heating module components in the system as an example, the transfer function 

is determined through the next experimental method. 

In the experiment, the model of the temperature control system of the heating module is 

approximated as a First-Order Plus Dead Time (FOPDT) model, and its transfer function is shown in 

the following formula: 

                            G( )
1

TsK
s e

Ts

−=
+

                       (1) 

The step response method is often used to determine the transfer function of a control system. 

In the adhesive dispensing temperature control system, when a fixed amplitude voltage is output, 

the transfer function of the system can be fitted according to the temperature change curve. Figure 2 

shows the step response temperature curve of the top surface of the Device Under Test (DUT) in the 

experiment. The heater is a PTC ceramic heating element, the control voltage is fixed at 5V, and the 

initial temperature is set as the origin of the coordinate system. 
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Figure 2. The step response of the heating module. 

According to the FOPDT model, the step response of the temperature control system can be 

expressed as Equation (2) in the Laplace domain. 

                           ( ) ( ) ( )F s G s U s=           ⑵ 

Here, ( )F s  represents the response of the system in the Laplace domain, and ( )U s  

represents the Laplace transform of the control signal. The transient process of the control system in 

the time domain is shown in the following formula: 

                        ( )
1

TsK A
F s e

Ts s

−=
+

                         ⑶ 

     
1( ) [ ( )] K A (1 ),

0,

t

Tf t L F s e t
t






−

− 
= = − 



 ⑷ 

Here, A is the amplitude of the step input, and 
1L−

represents the inverse Laplace transform. 

It can be seen from the above formula that when the condition of t →  is met, the step response 

tends to K A . 

The value of K  in the transfer function can be calculated according to the following formula: 
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( ) (0)

f f
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u f
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 ⑹ 

The ambient temperature is 20.5℃, and it is set as the origin of the temperature-time curve. The 

initial temperature value needs to be subtracted from the step response curve. According to the above 

principle, the calculation process of the parameter K   is shown in formula (5). 

The calculation of t  and   requires taking two known points in the system response, as 

shown in formula (6). The input current of the heating device is 2, and the parameters can be solved 

as 15.5K = , 155.5T = , 16 = . Therefore, the transfer function can be expressed by the following 

formula: 

                          1615.5
( )

155.5 1

sG s e
s

−=
+

⑺ 
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Using the same method, we can measure the heat transfer functions of other channels. The 

solution process is omitted here. 

3. Proposed Method: Segmented Temperature Control Algorithm 

Reference [20–22] suggests that the PID algorithm can be combined with the time-optimal 

algorithm. When the temperature error is greater than the threshold value, the time-optimal 

algorithm is used to heat the heated body at maximum power, so that it’s temperature can rise in the 

shortest time; when the temperature error is less than the threshold value, only the PID algorithm is 

used to control the output power and stabilize the temperature of the heated body. This method can 

reduce the overshoot of the system, but due to the different thermal inertia of different heated bodies, 

it is necessary to set different error thresholds for different heated bodies, otherwise it is very likely 

that the overshoot temperature will be too high. To prevent excessive overshoot, the literature [23,24] 

proposes the application of integral separation algorithm, using PD controller when the error is larger 

and PID controller when it is smaller. However, the algorithm must also set a reasonable threshold, 

otherwise it cannot control the overshoot. In view of the above problems, this paper proposes a 

segmented temperature control algorithm, which divides the PID control process into several stages, 

and each stage adopts different control strategies to achieve the purpose of rapid heating, rapid 

convergence, and small overshoot. 

3.1. Control Strategy for Rapid Heating Phase 

At the beginning of the heating stage, the algorithm adopts the proportional control method 

only. According to the magnitude of the error, the temperature control power is output 

proportionally. The formula is U( ) ( )
P

k e k K= .   

Where ( )U k   is the output power at time k, ( )e k  is the error at time k , and PK   is the 

proportional coefficient. According to PID control theory [1,25], when there is only proportional 

control, the system will quickly reach a steady state, and then there will be steady-state errors in the 

system. The temperature control curve is shown on Figure 1. In the figure, we take 50° as the target 

temperature and only adopt the proportional control method. The horizontal axis of the figure is the 

sampling time, and the vertical axis is the current temperature. As can be seen from the figure, in the 

later stage of the temperature control process, a stable steady-state error is formed between the 

controlled temperature and the target temperature. 

While performing proportional control, the historical data of the controlled temperature is 

analyzed, and according to the historical data, whether the controlled temperature is close to the 

steady state is judged. When the controlled data is found to be close to the steady state, the control 

program can enter the second stage. The control flow chart for this phase is shown in Figure 3 

 

Figure 3. Temperature control curve in the early heating stage. 
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In Figure 4, ( )Yd k is the target temperature, ( )Y k  is the current temperature of the heated 

object at time k , ( )e k  is the error at time k , and ( )U k  is the output power at time k . 
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Figure 4. Control flow chart for rapid heating phase. 

3.2. Control Strategy for Pre-Steady Phase 

In the rapid heating phase, as the error decreases, the output power of the system becomes 

smaller and smaller, gradually approaches the heat loss of the heated object. Currently, the heated 

object is close to the thermal equilibrium state, so the temperature curve also enters or approaches 

the steady state. After that, if we want to continue increasing the temperature, we need to add integral 

control to increase the output power. However, it is easy to cause significant overshoots because of 

integral excessive. To avoid this phenomenon, in the pre-steady state phase, we set the integral value 

to a fixed value, which is the ratio of the output power to the integral coefficient at the end of the 

previous steady state (Equation 8). The output power control formula is changed to a PI model with 

a fixed integral value. To avoid this situation, we set the integral value to a fixed value in the pre-

steady phase, which is the quotient of the output power at the end of the rapid heating phase and the 

integral coefficient, which can be obtained from equation ( ) /i iI U k k= . And then, the output power 

control formula is changed to PI mode with a fixed integral value. 

( ) ( )P iU k K e k K I= + , (8) 

In the formula, I  is a fixed integral value, iK  is the integral coefficient, and ( )iU k  is the 

output power at the end of the previous phase. The purpose of this is to replace the function of the 

previous proportional control with constant integral control, and the proportional term continues to 

increase the power output based on the error between the current temperature and the target 

temperature. Then, the output temperature will quickly enter a new steady-state phase. If we repeat 

the previous process, the temperature curve will become a stepped image, When the error approaches 

the required accuracy of the system, the control program can enter the next phase. The controlled 

temperature curve of this phase is shown in Figure 5a. The control flow chart of this phase is shown 

in Figure 5b. 
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(a) (b) 

Figure 5. Temperature curve and control flow chart are as follows: (a) Temperature curve during pre-steady 

phase; (b) Control flow chart for pre-steady phase. 

This strategy effectively eliminates the phenomenon of excessive integration, avoids excessive 

overshoot, and ensures the speed of temperature rise. 

In this phase, the current temperature value will be continuously monitored. If the current error 

has approached the required accuracy of the system, the system will enter the steady-state phase. 

2.3. Control strategy for Steady-State Phase 

In the steady-state phase, the temperature of the heated object has nearly reached the target 

value. At this stage, incorporating dynamic integral control will not result in excessive overshoot, 

and adding derivative control will further minimize the oscillation of the output power. The 

temperature control strategy at this time is depicted in Equations 9, 10, and 11. 

( ) ( ) ( ) ( )P i dU k K e k K I k K D k= + +                    (9) 

( ) ( 1) ( )I k I k e k= − +                           (10) 

( ) ( ) ( 1)D k e k e k= − −                          (11) 

Here, ( )D k  is the differential value at time k  , dK  is the differential coefficient, and ( )I k  is 

the integral value at time k . At this phase, the integration effect will become the main force in 

regulating the output power, but due to the time-delay characteristic of the integration effect, the 

temperature control curve will fluctuate around the target value. Figure 6 shows the amplified effect 

of this phase. 

 

Figure 6. Temperature curves during steady-state phase. 

For overcome the problem of system time delay, we can rely on the transfer function (equation 

7) to predict the output state of the system, and take measures in advance according to this predicted 

value to control the change of the integral value, so as to achieve the purpose of stabilizing the system 

output.  

In order to predict the system state, we need to perform a Z-transform on the transfer 

function(equation 7), and the discretized transfer function after the transformation is equation 12 

                             16 0.09936
( ) z

0.9936
G z

z

−=
−

                       (12) 

This equation can be transformed into equation 13. 

16( ) 0.09936
z

( ) 0.9936

Y z

U z z

−=
−

                      (13) 

Furthermore, we can transform this equation into a difference form.  
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                     ( 1) 0.09936 ( 16) 0.9936 ( )Y k U k Y k+ = − +              (14) 

Equation 14 can be used to predict the output state of the system in the next cycle. At this time, 

we can adopt the following strategy to control the magnitude of the integral value in the PID control 

in advance: If the predicted error in the next cycle has the same direction as the error in this cycle and 

the absolute value becomes smaller, then stop executing Equation 10. At this moment, the integral 

value will no longer change, and the system output will depend on the effect of the proportional 

control part. If the directions of the two errors are different, or if they are in the same direction but 

the absolute value of the error in the next cycle is greater than or equal to that of the error in this cycle, 

then continue to execute Equation 10. At this time, the system output will mainly depend on the effect 

of the integral control. 

This adaptive strategy effectively mitigates integral hysteresis effects while accelerating 

transient convergence rates. However, system stability tends to be compromised under such dynamic 

conditions. To enhance regulatory precision, the system may transition to the subsequent control 

phase characterized by refined parameter adjustments. The corresponding control logic diagram for 

this advanced phase is illustrated in Figure 7.  
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Figure 7. Control flow chart for steady-state phase. 

3.4. Control Strategy of Super-Stable Phase 

According to the analysis in the previous section, the time delay of the integration effect is one 

of the reasons for the oscillation of the output power of the standard PID controller. The external 

environment of the temperature control system is usually stable, so the time delay of integration effect 

becomes the main reason to affect temperature control accuracy.  

Therefore, this paper proposes a super-stable control strategy to overcome the delay effect of 

integration effect: When the system enters steady state, the integral value is fixed at the average value 

of the peak and valley moments. Then the output power of the system is only affected by proportional 

control and differential control, while integral control is responsible for providing constant base 

power. Building on the theoretical foundation established above, the output power control is 

formulated using equations 15, 16, and 17, where 
pI  is the integral value at the peak moment and 

dI  is the integral value at the valley moment.  

( ) ( ) 2d pI k I I= +                           (15) 

( ) ( ) ( 1)D k e k e k= − −                         (16) 

( ) ( ) ( ) ( )P i dU k K e k K I k K D k= + +                   (17) 

If the system is not disturbed, the control effect will be as shown on Figure 8. When the system 

is disturbed (such as wind disturbance, external temperature disturbance, etc.), the system will 

experience significant fluctuations again, and the absolute error value will be greater than the 
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amplitude of the current peak and valley. At this time, the system can exit the super-stable control 

phase and return to the steady-state control phase. 

So, the complete control flow of this phase is shown in Figure 9, where 
pY  represents the 

temperature at peak time and VY  represents the temperature at valley time. 

 

Figure 8. Temperature curves during super-stable phase. 
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3. Variable Proportional Coefficient Control Based On Output Power 

Industrial adhesive application system requires not only rapid convergence and high precision 

but also good anti-interference performance. This means that when disturbances occur, temperature 

fluctuations should be minimal, and the temperature should quickly re-converge. And the system 

should have a wide range of applicable parameters and be easy to use and adjust. To meet this 

requirement, a variable coefficient PID control algorithm based on output power is proposed in this 

paper. This method correlates the coefficient of traditional PID controllers with the output power of 

temperature control system. Ensure that the system can respond to disturbances in a short period of 

time, while avoiding excessive oscillations due to overly large coefficients. To achieve this goal, this 

article adds a scaling factor α to the PID formula and relates the integral value to the output power 

ratio of adjacent two sampling periods to adjust the sensitivity of the integral effect; Increase the 

scaling factor   to adjust the sensitivity of the proportional control effect. Now, the temperature 

control formula is shown in equations 18-22, where   in equation 14 and   in equation 16 are 

adjustable coefficients that can be adjusted appropriately according to the system resolution. 

                        ( )i iU I k K=                             (18) 
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                    ( 1)xI U k = −                            (19) 

               ix i xK U I=                              (20) 

                      ( 1)pxK U k = −                          (21) 

                ( ) ( ) ( ) ( )px ix dU k K e k K I k K D k= + +               (22) 

In the formulas, iU  is the output power generated by integral control, xI  is the integral value 

adjusted by factor  , ixK  is the adjusted integral coefficient, and 
pxK  is the proportional 

coefficient adjusted by  . According to the above formulas, when the steady-state system is 

disturbed and the output power increases, a larger proportional coefficient and integral value will be 

obtained, than changing the sensitivity and strength of the integral control. The difference between 

this control method and fuzzy PID is that fuzzy PID adjusts the values of PID parameters based on a 

pre-set fuzzy rule library, errors, and error change rates 19. While the method in this article adjusts 

PID parameters based on the output power to ensure that the PID adjustment effect is neither too 

extreme nor too slow. Compared to fuzzy PID, the method proposed in this paper has smaller 

computational complexity and more sensitive response. 

4. Experiment Results and Discussion 

In this section, real heating tests of the adhesive application system were carried out to verify 

and confirm the algorithm. Meanwhile, the performance of this algorithm was compared with the 

PID adjustment method based on integral anti-windup, so as to verify the performance of the method 

proposed in this paper in terms of overshoot, oscillation period, response time, and the applicable 

range of parameters. 

4.1. Experiment Setting 

In this experiment, a closed-loop temperature control system was developed for an industrial 

adhesive dispensing system. The heated assembly consists of a series-connected arrangement 

including a pressure plate, metering machine filling valve, heating module, adhesive gun copper 

sleeve, and valve block. The industrial adhesive flows sequentially through these components, each 

of which is equipped with a T-type thermocouple. These thermocouples are then interfaced with an 

external temperature acquisition unit to monitor the real-time surface temperatures of the 

components under test. 

The control system employs a microcontroller - centric embedded platform based on the 

STM32F407. This system generates Pulse - Width Modulation (PWM) signals with adjustable duty 

cycles to regulate the switching state of a thyristor power controller, thereby modulating the power 

delivered to the heating elements. 

A 6 - channel temperature acquisition module with 1 kS/s (kilo - samples per second) sampling 

rate is integrated. This device maintains ±0.1°C measurement accuracy across the operational 

temperature range of -100°C to 400°C. 

The embedded controller manages two primary functions: performing multi - channel 

thermocouple data acquisition, and calculating the required output power using the proprietary 

control algorithm described in this paper.  

The experimental firmware is implemented in the C language, consisting of three core 

components: a temperature acquisition module, a temperature control algorithm implementation, 

and an output power regulation module. 

Primary attention is focused on the heating module's temperature profile. The temperature 

control experiment commences once the module temperature stabilizes below 10°C. The test protocol 

requires cyclically adjusting the device under test's surface temperature between 30°C and -100°C. 

To ensure equipment safety, a 15V input voltage ceiling is imposed on each heating element. 

Accordingly, the proposed algorithm restricts output voltage to 0-15V. Through voltage-to-duty-

cycle conversion, this corresponds to a PWM output range of 0-80%. At 0% duty cycle, heat 

dissipation occurs primarily via gray-body radiation from the tested components. 
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4.2. System Response Speed Comparison Test 

Now we compare the differences in overshoot, oscillation period, response time, and parameter 

applicability between this method and the integral limited PID algorithm on the same hardware 

device. 

First, we carry out heating experiments to compare and verify the heating effect from 0 degrees 

to 50 degrees from 50 degrees to 80 degrees and from 80 degrees to 110 degrees, in which the 

traditional PID algorithm limits the maximum value of the integral value to 80, while the method in 

this paper has no limit on the PID integral value. The results are shown in Figure 10. 

 

Figure 10. Comparison of overshoot and response time. 

Then, the integral limit values of the traditional PID algorithm were set to 80 and 50, respectively, 

and the effect of heating the target from 0 degrees to 50 degrees was compared with the method 

proposed in this paper. The results are shown in Figure 11. 

 

Figure 11. Comparison between the method proposed in this article and traditional PID with various integral 

limits. 

From the comparison results of the two figures, the overshoot of the method proposed in this 

paper is not significantly different at any output power and is smaller than that of the traditional PID 

algorithm. At the same time, there is no obvious oscillation phenomenon after completing the heating 

process. The overshoot of traditional PID algorithm is directly related to the value of integral limited 

value and the heating power. When the value of the integral limit matches the heating power, the 

overshoot is appropriate. When the value of the integral limit is too small, the heating speed of the 

system is significantly too slow, and there may even be steady-state errors. When the integral limit 

value is too large, there will be a significant overshoot phenomenon. Therefore, traditional PID 
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algorithms rely heavily on prior experience in terms of heating speed and convergence speed, while 

the method proposed in this paper has stronger adaptability. 

4.3. Anti-Interference Performance Test 

In the experiment, in order to test the anti-interference performance, when the temperature of 

the heated object is stable at 70°C, we blow the heated object directly with a fan. After the temperature 

of the heated object stabilizes, the fan is turned off to simulate sudden changes in ambient 

temperature. We measure the amplitude and convergence rate of temperature changes of the heated 

object under two methods. The experimental results are shown in Figure 12. 

 

Figure 12. Comparison of anti-interference effects. 

From the comparison in the figure, the maximum error of the method proposed in this paper 

after interference is about 0.5 degrees, and the error converges to 0.2 degrees after 100 sampling 

periods; The maximum error of traditional PID after interference is about 0.8 degrees, and the error 

converges to 0.2 degrees after 200 times sampling periods. The method proposed in this article is 

superior to traditional PID control methods in both interference amplitude and convergence speed. 

5. Conclusions 

The industrial adhesive application system has many heated components, with variable heating 

target temperatures and significant differences in thermal inertia of the heated objects. The working 

environment is also affected by various interference factors. Usually, to meet the temperature control 

requirements of the system, complex temperature control algorithms such as fuzzy PID controller, 

BP neural network PID algorithm, etc. are often required. These algorithms either require a large 

amount of expert experience or have high computational complexity, which increases the 

manufacturing cost of the equipment. In response to these issues, this article proposes a new adaptive 

PID control method which combines a segmented temperature control algorithm with a variable 

control coefficient PID algorithm based on output power. The algorithm eliminates the dependence 

on expert experience and has simple calculations, which reduces the cost of equipment 

manufacturing. The method has been used well in production practice, and the temperature control 

accuracy can be controlled within 2 to 3 times of the measurement accuracy of the system. Under the 

same experimental conditions, compared with the traditional PID algorithm, the proposed method 

can reduce the overshoot by 2 to 4℃, increase the convergence speed by about 30%, and reduce the 

temperature fluctuation range by about 0.2℃ after interference. At the same time, the algorithm does 

not require operators to perform complex PID coefficient tuning operations. 
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