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1. INTRODUCTION 
 
1.1. System description 

 
The subject of control is the system on which temperature regulation is required. The system consists of a 
chamber that represents the interior where the temperature is controlled, an air-heated heater, a fan that 
allows air to flow through the chamber, and sensors to measure temperature and air flow. 
 
1. The chamber is made of a transparent plastic tube 1 meter long. 
2. The heater is used to heat the air in the chamber. The heater supply is controlled by a control voltage 
signal in the range of 0-5V. Control signal values in a given range are obtained using Pulse Width 
Modulation (PWM) 
3. The fan allows air to flow through the chamber. 
4. The temperature measurement sensor is used to monitor the current temperature and to form the 
control system. The measuring range of the senor is from 20-60 ° C, and the measuring range with linear 
dependence corresponds to a voltage value of 1-5V. 
 
1.1. Regulator structure 

 
The implemented controller is described by Equation (1), which is the most common form of PID 
controller notation. 
 

1.2. Controller properties 
 
As the name implies, the proportional-integral-differential controller, or PID, has three actions. The 
proportional effect depends linearly on the error, the integral action on the integral of the error, while the 
differential action linearly depends on its first derivative. In order to adjust the PID controller, it is 
necessary to specify three parameters that determine the linear dependence coefficient for each action. By 
adjusting them, the speed of debugging, system stability, transient duration and other performance can be 
affected. 
 

 
 
1.3 PROPORTIONAL CONTROLLER 

 
The proportional controller is the simplest form of controller, and its effect is proportional to the error of 
regulation, described by equation (2) and illustrated in Figure 1. 
 
                                                                                                                                                             
                                                                                                                                      (2) 
 
 
 
 
 
 
 
 
 
                                    Figure 1: Functioning of a proportional controller. 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝 𝑒𝑒 𝑡𝑡                          
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By increasing the parameter Kp, the reaction rate of the system increases, while the stability reserve 
decreases. 
 
 
1.4 Integral controller 

 
The integral controller has an effect commensurate with the integral of the time error, described by 
equation (3) and illustrated in Fig. 2. The introduction of the integral action in most cases eliminates the 
reference tracking error (setpoint) at steady state 

 
 
                                                     Figure 2: Integral controller operation. 
 

 
 
The Ki parameter is an integral controller gain, increasing it increases the inertia of the system so that it 
responds more slowly to rapid changes. Likewise, with increasing Ki growth, the system's stability 
reserves decrease. 
Differential controller 
 
The differential controller operates in proportion to the first error statement. It follows that its action, 
described by equation (4) at steady state, is equal to zero, so that it is not used alone but in combination 
with other regulators. 
 

 
 

Increasing the Td parameter increases the sensitivity of the system to rapid changes and growth 
stability reserves. On the other hand, this type of controller is extremely sensitive to measurement noise 
that occurs when measuring readings, so it usually requires the application of measurement signal filtering. 
 
Depending on the nature of the system being operated, it is not necessary or even desirable to use the full 
structure of the PID controller. When working with a system that is inherently integrator related, no integral 
action is necessary. Systems that do not require control to remain in the desired state usually do not require 
integral action. An example is to control the position of the motor, because once the position is reached, 
no voltage signal is required to maintain it, that is, the control will be zero. In contrast, controlling the 
engine speed requires steering, or a voltage signal, even at steady state when the desired speed is reached. 
If the measuring signal on the basis of which the regulation is made is very noisy, or has a pronounced 
dynamics and is not filtered, a strong differential effect is not desirable because it can destabilize the 
system. For this reason, the P or PI structure of the controller, which is much less sensitive to measurement 
noise, can be selected 
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2. SETTING CONTROLLERS 
 
There are several methods for adjusting controller values. This document describes two commonly used 
methods. The aforementioned methods are not the only correct tuning but algorithms that in most cases 
lead to satisfactory control performance. Manual adjustments can in some cases lead to better 
performance. 
 
 
2.1. P-I method 

 
Due to the nature of the process, the most appropriate regulator structure is PI. There is a simple method 
that allows you to adjust the PI controller parameters without bringing the system into oscillations. This 
method is called the P-I method, and consists of 4 steps: 
 
1. Bring the system to its nominal or other desired state by setting the voltage u0 
in manual mode. 
2. Set the starting parameters Kp = 0 and Ti = ∞, Td = 0, and switch the system to automatic mode. Increase 
Kp until the desired response stability is reached on the system response graph by jumping the reference 
value or setting a disturbance (if possible). The system is considered to be satisfactorily tuned if, when 
changing the reference, the new setpoint is reached with a slight leap but also with good damping. 
3. Set the parameter Ti to be equal to 1.5 · Tou, where Tou is the time between the first two extremes of 
the jump (one positive and the other negative) when regulating with the P controller, as shown in Figure 3. 
4. With the PI controller adjusted, observe the response of the system to the bounce or change of reference. 
Due to the nature of the integral action, the system response may be more unstable than with the P controller 
alone. If you find the system too unstable, reduce Kp to, say, 80% of the initial value. 

 
                                             Figure 3: P-I experiment and Tou parameter

 
 
2.2. Zigler-Nikols method 

 
One of the most well-known methods is the Ziegler-Nichols method, by which it is possible to adjust any 
structure of a controller by using a table. The table has been experimentally formed and fits most of the 
various systems. In order to determine the regulator's steam, it is necessary to: 
 
1. By gradually increasing the parameter Kp of a pure proportional controller, bring the system to a state of 
stable oscillations, as shown in Figure 4. It is necessary that the gain Kp be the least gain for which the 
system begins to oscillate without the control signal entering saturation. This amplification is called critical 
amplification and is denoted by Kpu 
2. Measure the period Here the oscillation of the system. 
3. Depending on the structure selected, calculate the controller parameters using Table 1. 
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Table 1: Parameters controller 
 

 Kp Ti Td 
P 0,5·Kpu ∞ 0 
PI 0,45·Kpu 0,8·Tu 0 
PID 0,6·Kpu 0,5·Tu 0,125·Tu 

 

 
 

Figure 4: Zigler-Nikols experiment and Tu parameter
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3. EXAMPLES OF CONTROLLER SETTINGS 
 
3.1. EXAMPLE OF P-I TUNING METHOD 

 
Determination of controller parameters 
 
Before starting the system, a Ts = 0.1s selection period was selected with filtration by averaging the 
measurements at 10 selections, and the same adjustments were used in all experiments related to the P-I 
tuning method. The system was brought to nominal mode in which manual control was zero. The P type of 
the controller is selected, and a starting value of 0.5 is set. It has been experimentally found that for a value 
of Kp of 1.3, the system has a leap and a good damping after it, as shown in Figure 5. From Figure 6 it can 
be seen that the required Tou time is 96 seconds, which gives us a Ti value of 144. Thus, the system 
parameters are Kp = 1.3 and Ti = 144. 
 

 
Figure 5: Parameter identification of the Tou - P-I method 

 

 
Figure 6: Reading the parameter Tou - P-I method 
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3.2 TESTING THE SYSTEM WITH PI CONTROLLER TUNED P-I 
METHOD 

 
The system was tested by specifying a jump reference change and the results are shown in Figures 7-10. 
Figure 7 shows the entire flow of testing. A reference of 40 ° C was first given and the system response 
checked. Subsequently, two types of disorders were strangled. The first type of disturbance involved the 
partial closure of the exhaust part of the chamber in which the temperature control was performed. 
Another type of disturbance involved a change in fan voltage, which also affected air flow and system 
dynamics. 
 

 
 

Figure 7: Closed-loop system testing - P-I method 
 

 
Figures 8-10 show the response of the system to the change in the benchmark. The desired value is reached 
with a smaller jump of about 10% of the value of the reference change. At steady state, the system 
satisfactorily monitors the setpoint, with deviations in the range of ± 0.10 ° C caused by the nature of the 
system and sensor measurements. The control is saturated for the first 75 seconds because of the high value 
of the refinement change, which does not happen if the set change is smaller in absolute value. 
 

 
Figure 8: System response to a bounce change of the reference-P-I method. 
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Figure 9: Bounce change control - P-I method. 

 

 
Figure 10: Tracking error at bounce change of reference - P-I method 

 
The response of the system to external disturbances was tested in two ways and the results are shown in 
Figures 11-13. The first way was to reduce the exhaust pipe openness to about 50% of the initial one, at 
the time t = 10: 00 minutes. The disturbance caused the temperature to rise due to a decrease in flow, but 
its effect was eliminated up to t = 15: 00. Afterwards, at t = 17: 00 minutes, the cause of the disturbance 
was eliminated, restoring the openness of the tube to its original position. Due to the increase in air flow, 
the temperature dropped temporarily, but the system completely returned to nominal mode by t = 19:50. 
The reference tracking error graph shows that the error was below 0.3 ° C in absolute value. 
 

 
Figure 11: Response to change in pipe openness- P-I method. 
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Figure 12: Pipe openings change control - P-I method. 
 
 

 
Figure 13: Reference tracking error when changing pipe openings - P-I method 

 
 

Another way of testing the system for disturbance is by changing the fan speed, and is shown in Figures 
14-16. At time t = 23: 00 minutes, the fan voltage is reduced from 5V to 3V, representing a significant 
disturbance of 40% of the nominal value. The decrease in fan speed caused a temperature increase of about 
0.42 ° C, but the effect of the disturbance was completely eliminated up to t = 26: 30. Subsequently, at t = 
30: 00 minutes, the fan voltage was returned to its original 5V, causing a temporary drop in temperature. 
The impact of this disorder is offset by t = 34: 50. The graphs of the control error show that the temperature 
change due to this type of disturbance was below 0.45 ° C in absolute value. 
 

 
Figure 14: Response to fan voltage change - P-I method 
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Figure 15: Control when changing fan voltage - P-I method. 

 

 
Figure 16: Reference tracking error when changing fan voltage - P-I method
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3.3. EXAMPLE OF ZIGLER NICHOLS TUNING METHOD 
 
DETERMINATION OF CONTROLLER PARAMETERS 

 
When adjusting the controller using the Z-N method, care must be taken to ensure that the control that 
drives the system is not in saturation. This is not always feasible, however, and short control signal periods 
outside the control limits can be tolerated. 
A selection period of Ts = 0.1s was selected with filtration by averaging the measurements at 10 counts, 
and the response of the system to the bounce change of the reference was monitored. The amplification 
value of Kp was gradually increased from experiment to experiment, until stable oscillations for the value 
of Kp = 3.1 appeared in the system response, as in Fig. 17. In the period 5:40 to 8:20, the amplitude of the 
oscillations decreased, but it is noted in Figure 18 that they are still present. From the time t = 8: 20, the 
amplitude returned to the steady values it maintained until the end of the experiment. The control signal 
was within the control limits during oscillations. From the graphs in Figure 19, the oscillation period Tu = 
123 seconds was measured 
 

 
 

Figure 17: Parameter identification of the Tu - Zigler-Nikols method 

 
 

Figure 18: Magnified response of the system in identification - Zigler-Nikols method. 
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Figure 19: Reading parameter Tu - Zigler-Nikols metho
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TESTING A SYSTEM WITH A PI CONTROLLER SET BY THE Z-N METHOD 
 
Based on Table 1, the PI controller parameters Kp = 1.4 and Ti = 98 were calculated and the selection 
period Ts = 0.1s was selected with filtration by averaging the measurements at 10 counts. Figure 20 shows 
the entire flow of testing. First, a change in the benchmark was set and the system response was monitored. 
Upon entering the system at steady state, a disturbance is caused by partially closing the exhaust opening 
of the chamber in which temperature is re-regulated. After eliminating the impact of the disturbance, the 
chamber was fully opened again. which caused a disorder of the same type but of opposite effect. Upon 
entering steady state, the fan voltage was reduced, which again caused the temperature to change due to 
disturbance. After the disturbance was eliminated, the fan voltage was reset and the system's response to 
the new change was monitored. 
 
. 

 
 

Figure 20: Closed-circuit system testing - PI controller, Z-N meth0d 
 
The closed loop system with the PI controller was given a bounce change of reference and the results are 
shown in Figures 21-23. It is observed in Figure 21 that the rise time of the system is about 80 seconds 
and that the leap is below 20%. The system entered steady state after approximately 270 seconds. At 
steady state, the monitoring error is within ± 0.1 ° C, which is satisfactory given the quality of the 
measurement and the nature of the system. In the initial period, during the rise to the new reference value, 
the control signal is in saturation caused by a large change of reference, but is within the allowed limits of 
t = 2: 00s. 

 
Figure 21: System response to bounce change of reference - PI controller, Z-N method 
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.  
Figure 22: Bounce change control - PI controller, Z-N method. 

 
 

 
Figure 23: Tracking error at bounce change of reference - PI controller, Z-N method. 

 
 
The response of the system to the disturbance at time t = 11: 00, caused by the closure of the pipe 
openings from the initial 100% openness to about 50%, is shown in Figures 24-26. The system returned 
the temperature to the desired value by the time t = 15: 40, not allowing the monitoring error to be greater 
than 0.2 ° C by absolute value. At the time t = 19: 00, the open pipe was reset to its original state, which 
caused a temperature change that was eliminated by the time t = 22: 45, with a monitoring error of below 
0.2 ° C. 
 

 
Figure 24: Response to change of open pipe - PI controller, Z-N method
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Figure 25: Pipe open change control - PI controller, Z-N method 

 

 
Figure 26: Reference tracking error when changing pipe openings - PI controller, Z-N method 

 
The second part of the test of the system response to the disturbance effect, shown in Figures 27-29, 
began by reducing the fan voltage at t = 25: 00 from 5V to 3V. The disorder was resolved to t = 30: 10, 
with a monitoring error of less than 0.4 ° C. The fan voltage was reset to t = 33: 00 and the temperature 
was brought back to the desired value by 37:40, when the system entered steady state limits.

 
Figure 27: Response to fan voltage change - PI controller, Z-N method
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Figure 28: Control when changing fan voltage - PI controller, Z-N method. 

 

 
Figure 29: Reference monitoring error when changing fan voltage - PI controller, Z-N metho
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TESTING THE SYSTEM WITH PID CONTROLLER SET BY Z-N METHOD AND TS 
= 0,1S 

 
Using Table 1, the parameters of the PID controller Kp = 1.9, Ti = 61.5 and Td = 15.4 were obtained. For 
the Ts selection period 0.1 seconds were adopted, and the averaging was set to 10 counts. The flow of the 
test is shown in Figure 30. Upon reaching steady state after a change in the reference value, the behavior 
of the system in the presence of an external disturbance was examined. The first two disorders were related 
to a change in the openness of the exhaust opening of the chamber in which thermoregulation is performed. 
The effect of the other two disturbances is reflected in the fan voltage change. Each new test phase occurred 
only after the system returned to steady state after the previous phase. 
The control graphs, in blue, show the contribution of the differential effect, which, due to the nature of the 
measurement, the selection period and the differential amplification, is expressed in intensity and 
unfavorable dynamics. 
 

 
 

Figure 30: Closed-circuit system testing - PID controller, Z-N method, Ts = 0.1s. 
 

Figures 31-33 show the response of the system with the controller parameters obtained from Table 1. 
From Fig. 31 it can be concluded that the system entered steady state at about t = 7: 30, with a leap of 
about 20% of the change in reference value. The adverse dynamics of the control signal is caused by a 
small selection period and a large differential gain, but the system is able to follow the set reference 
value.

 
Figure 31: System response to bounce change of reference - PID controller, Z-N method, Ts = 0.1s. 
 



22 

 
Engineering EdTech platform 
The College of applied technical science Nis, Serbia 
Academy of Technical and preschool teacher studies 

 

 
Figure 32: Bounce control - PID controller, Z-N method, Ts = 0.1s. 

 

 
Figure 33: Tracking error at bounce change of reference - PID controller, Z-N method, Ts = 0.1s 

 
 

The ability of the system to counteract the disturbance shown in Figures 34-36 was first tested by closing 
the orifice at t = 11: 00 to about 50% of the initial value when fully opened. Figure 34 shows that the 
system reacted very quickly, and that the expected temperature rise was below 0.2 ° C. The effect of the 
disorder was completely eliminated around the time t = 15: 40. Resetting the pipe open to its initial value 
at t = 17: 00 caused the temperature to drop, but the temperature entered the steady state limits to t = 25: 
 

 40  
Figure 34: Response to change of open pipe - PID controller, Z-N method, Ts = 0,1s
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Figure 35: Pipe open change control - PID controller, Z-N method, Ts = 0,1s. 

 

 
Figure 36: Reference tracking error when changing pipe openings - PID controller, Z-N method, Ts = 

0.1s. 
 
 

As a final part of testing the system in conjunction with the PID controller, shown in Figures 40-42, the 
reaction to the disturbance in the form of a decrease in fan voltage from 5V to 3V at time t = 27: 00 was 
tested. , but the control stabilized around t = 34: 25. At time t = 35: 00, the fan voltage was returned to 
5V, after which the system again settled to t = 43: 00. 
 

 
 

Figure 37: Response to fan voltage change - PID controller, Z-N method, Ts = 0.1s.
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.  
 

Figure 38: Control when changing fan voltage - PID controller, Z-N method, Ts = 0.1s. 
 

 
 
Figure 39: Reference tracking error when changing fan voltage - PID controller, Z-N method, Ts = 0.1s.
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TESTING A SYSTEM WITH A PID CONTROLLER TUNED Z-N METHOD AND TS 
= 1S 

 
Tests of the PID controller with a selection period Ts = 0.1s showed in all examples the unfavorable 
character of the control signal. Although the system was able to wash the set reference values, due to the 
small selection period and the large amplification of Kd, the negative effect of differential action was 
dominant. The limitation of control to 0-5V caused only positive values to be sent from the differential 
action to the heater, so that at an arbitrary reasonable interval the contribution of the differential action has 
an average value greater than zero, which means that the heater always receives a control signal and is 
never switched off . For this reason, the lower limit of the temperature range in which it is possible to 
regulate is raised, thereby reducing the range of temperature regulation. By reducing the differential gain 
or increasing the selection period, it is possible to reduce the undesirable effect of the differential effect. 
 

 
 

Figure 40: Closed-loop system testing - PID controller, Z-N method, Ts = 1 
 

The system was tested with PID parameters obtained from Table 1, Ts = 1s selection period and filtration 
by averaging over 5 counts. The results are shown in Figures 40-49 show that the control signal, although 
still of unfavorable dynamics, does not enter into saturation due to the digestive action and can enable 
better monitoring of the set reference value. The system entered steady state after t = 6: 20, with the 
control signal in saturation up to t = 2: 00s 
 

 
 

Figure 41: System response to bounce change of reference - PID controller, Z-N method, Ts = 1s. 
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Figure 42: Bounce control - PID controller, Z-N method, Ts = 1s 
 

 
 

Figure 43: Tracking error at bounce change of reference - PID controller, Z-N method, Ts = 1s
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The behavior of the system when a disturbance occurred at the time t = 9: 00 by closing the pipe opening 
at 50% of the initial openness caused a temperature rise of approximately 0.15 ° C, and the consequences 
of the disturbance were eliminated to t = 12: 00. At t = 13: 00 the pipe opening was returned to its original 
state causing a temperature drop below 0.15 ° C at its absolute value, which was removed to t = 15: 00. 
 

 
 

Figure 44: Response to change in pipe openings - PID controller, Z-N method, Ts = 1s. 
 

 
 

Figure 45: Pipe open change control - PID controller, Z-N method, Ts = 1s 
 

 
 
Figure 46: Reference tracking error when changing pipe openings - PID controller, Z-N method, Ts = 1
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A decrease in fan voltage from 5V to 3V at time t = 17: 00 caused a temperature rise of 0.3 ° C, but the 
temperature was returned to steady-state values up to t = 24: 00. At time t = 25: 00, the fan voltage was 
reset, causing a temperature drop of 0.3 ° C at its absolute value, and the effect of the disturbance was 
completely eliminated to t = 32: 00. 
 

 
 

Figure 47: Response to fan voltage change - PID controller, Z-N method, Ts = 1s. 
 

 
 

Figure 48: Control when changing fan voltage - PID controller, Z-N method, Ts = 1s. 
 
 

 
 

Figure 49: Reference tracking error when changing fan voltage - PID controller, Z-N method, Ts = 1s.
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