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It is also important to stress that using the ultimate-cycle tuning method may be 
out of the question in processes where bringing the system into continuous 
oscillation could be dangerous or might cause damage. Instead, another method 
of tuning, such as the trial-and-error method or the open-loop step response 
method, should be used. The open-loop step response method is also known as 
the open-loop Ziegler-Nichols method. 

The open-loop Ziegler-Nichols method 

This method of controller tuning was developed in 1942 by John G. Ziegler and 
Nathaniel B. Nichols. It enables the operator to calculate the P, I, and D tuning 
constants required for P, PI, or PID control of a process based on the open-loop 
response of the process to a step change in the set point. 

The open-loop step response method is performed according to the following 
procedure: 

1. With the controller in open-loop mode, create a step change in controller 
output. The resulting change in controlled variable should be typical of the 
expected use of the system. Note that you can use a calibrator instead of the 
controller to create a step change. 

2. Based on the response curve of the controlled variable, determine the 
process gain ܭ, the dead time ݐௗ, and the time constant τ of the process. 
Refer to Ex. 1-1 for a discussion about process parameters. 

Calculate the value of the parameter κ 

κ = ቤ τtୢK୮ቤ 
3. Using the process characteristics found in step 2, calculate the tuning 

constants of the controller as follows: 

Table 2-3. Control parameters for the open-loop Ziegler-Nichols tuning method. 

Mode Proportional Gain ࢉࡷ Integral Time ࢀ  Derivative Time ࢊࢀ 

P ܭ =  - - ߢ

PI ܭ = 0.9 ܶ ߢ = 3.33  - ௗݐ

PID ܭ = 1.2 ܶ ߢ = 2 ௗ ௗܶݐ = 0.5  ௗݐ

Once the tuning constants of the controller are adjusted to the calculated values 
and the controller is returned to the closed-loop mode, a typical change in the set 
point should produce the desired quarter-amplitude decay response. The 
controller should also be able to correct for load changes rapidly, without 
excessive overshooting or oscillation of the controlled variable. Note, however, 
that small readjustments of the P, I, and D tuning constants may be required to 
obtain the optimum controller setting. 
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Table 2-4. Material to add to the basic setup for this exercise. 

Name Model Identification
Brazed plate heat exchanger 46905  

J-type thermocouple 46916 TE1B 

Platinum RTD 46917 TE1A 

Temperature transmitter 46940 TIT 

Paperless recorder 46972  

Controller ---- TIC 

 

Figure 2-29. P&ID – Heat exchanger control. 
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Figure 2-30. Setup – Heat exchanger control. 

4. Connect the pneumatic unit to a dry-air source with an output pressure of at 
least 700 kPa (100 psi). 

5. Connect the I/P converter of the three-way control valve to the pneumatic 
unit. Use the low-pressure port to do so. 

6. Do not power up the instrumentation workstation yet. Do not turn on the 
electrical panel or the heating/cooling unit before your instructor has 
validated your setup—that is not before step 11. 

Air from the pneumatic unit 
(170 kPa (25 psi)) 
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7. To perform control of your process, you must connect the output of your 
controller to the control valve and the temperature transmitter to the input of 
the controller. You must include the recorder in your connection. On 
channel 1 of the recorder, plot the signal from the controller output and on 
channel 2, plot the signal from the transmitter output. Be sure to use the 
analog input of your controller to connect the temperature transmitter. Refer 
to the manual of your controller for details on how to connect it to other 
devices. 

8. Figure 2-31 shows how to connect the paperless recorder to your system to 
plot the control signal from the controller on channel 1 and the controller 
input on channel 2. 

 

Figure 2-31. Connecting the equipment to the recorder. 

9. Before proceeding further, complete the following checklist to make sure you 
have set up the system properly. The points on this checklist are crucial 
elements for the proper completion of this exercise. This checklist is not 
exhaustive, so be sure to follow the instructions in the Familiarization with the 
Training System manual as well. 

f 

 Every piece of equipment used is secured to the station with the 
appropriate bolt-and-nut mechanism. 

 The heat exchanger is properly installed on the station. 

 The hand valves are in the positions shown in the P&ID: 

Open valves: HV1A, HV1B, HV2A, HV2B, HV5A, and HV5B. 
Closed valves: HV3A, HV3B, HV4A, and HV4B. 

 The hand valves under the drip trays are in the positions specified in the 
Familiarization with the Training System manual: 

Open valves: HV1A, HV1B, HV8A, and HV8B. 
Closed valves: HV6A, HV6B, and HV7. 

 The L port of the three-way control valve is fully open. 

 The pneumatic connections are correct. 

Out1 In1

24 V 

Ch1 Ch2 

Analog input
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 The controller is properly connected to the temperature transmitter. 

 The controller is properly connected to the three-way control valve. 

 The paperless recorder is connected correctly to plot the calibrator signal 
on channel 1 and the temperature transmitter output on channel 2. 

10. Ask your instructor to check and approve your setup. 

11. Power up the electrical unit. This starts all electrical devices as well as the 
pneumatic devices. 

Adjust the pressure at the low-pressure port so 170 kPa (25 psi) is sent to 
the I/P converter of the control valve. 

12. Start the drives 3 and 4 (pumps P3 and P4). These pumps make the water of 
the two tanks flow in the heating/cooling unit. Ensure the process fluid from 
each tank is circulating correctly, then power up the heating/cooling unit. 
Make sure valve HV7 is closed. Continue with the next steps while the water 
in each tank is respectively heating and cooling toward their temperature set 
points. 

13. Test your system for leaks. Use drives 1 and 2 to make pumps P1 and P2 
run at low speed to produce a small flow rate. Progressively increase the 
frequency output of drives 1 and 2 up to 30 Hz. Repair any leaks. 

Let drives 1 and 2 run at 30 Hz. 

14. The temperature in the two tanks should be stable and at their respective set 
points by now. If this is not the case, identify the problem or wait until the 
temperatures of the tanks stabilize. 

15. Test the three-way control valve with your controller in manual mode and 
make sure it is fully open on L for a 4 mA signal and fully open on U for 
a 20 mA signal. 

16. Configure the paperless recorder so it displays and records the control signal 
to the three-way control valve on channel 1 and the process temperature on 
channel 2. 

a The sampling rate of the paperless recorder should be set to 1 s. To do so, go 
in the Main Menu ► Setup ► Application ► Signal Group ► Group X (where 
X is the number of your active group, typically set to 1) ► Save Cycle ► 1 s. 

17. Use the temperature transmitter to display the temperature measured by the 
RTD (TE1A) and to send the related 4-20 mA signal to your controller and 
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trend recorder. The RTD should be installed at the output of the heat 
exchanger, where the cooled water exits. 

18. With the controller in manual mode, set the controller output to 100% to 
maximize the amount of cold water that circulates in the heat exchanger. 
Wait for the temperature to stabilize and record the transmitter output (the 
temperature) in percentage below. 

TE1A output (100% controller output): ______________% 

19. Unplug the RTD from the temperature transmitter. After a few seconds, the 
transmitter should display the temperature measured by the thermocouple 
and it should send the associated 4-20 ma signal to the trend recorder. 
Record the temperature of the cold water output for a 100% controller output 
in percentage below: 

Cold water temperature (100% controller output): ______________ 

20. Plug the RTD back in place and be sure the paperless recorder displays the 
warm water flow temperature. 

21. Set the controller output to 0% to stop the cold water flow in the heat 
exchanger. Wait for the temperature to stabilize, and record the transmitter 
output (the temperature) in percentage below. 

TE1A output (0% controller output): ______________% 

22. Again, unplug the RTD from the temperature transmitter. After a few 
seconds, the transmitter should display the temperature measured by the 
thermocouple. Record the temperature of the cold water output for a 0% 
controller output in percentage below: 

Cold water temperature (0% controller output): ______________ 

23. Plug the RTD back in place and be sure the paperless recorder displays the 
warm water flow temperature. 
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Tuning the controller 

24. The temperature process can be controlled using various control schemes 
(on-off, P, PI, PD, and PID). However, you are more likely to obtain good 
results using a controller set to the PI mode. Set your controller to this mode 
and adjust the parameters using the open-loop Ziegler-Nichols method. 

Use the process characteristics obtained in the previous exercise for your 
calculations and note the parameters entered in the controller: ܭ = ____________ 

ܶ = ____________ 

25. Switch the controller to the automatic mode and have it maintain a set point 
of 70%. 

26. Test your settings extensively by creating step changes in the controller set 
point (e.g., from 70% to 60%). 

27. Does the open-loop Ziegler-Nichols method gives good results without 
further tuning of the controller parameters? 

 

 

 

28. If the control is not satisfactory, fine-tune the controller parameters manually 
using Figure 2-26 to find the best PI parameters. If you had to change the 
controller parameters, note the new parameters below: ܭ = ____________ 

ܶ = ____________ 

Controlling a temperature process 

29. Once the controller is properly tuned, erase the internal memory of the 
paperless recorder. Wait a few seconds after the recorder is done rebooting, 
then perform a set point step change from 70% to 60%. 

30. Wait for the value of the process variable to stabilize. 

31. Once the system is at steady state, transfer the data from the paperless 
recorder to a computer or save it on a USB key. Follow the procedure in the 
Familiarization with the Training System manual to do so. 
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32. Stop the system. 

33. Plot the process data using a spreadsheet software. 

34. Stop drives 1 and 2, and let the water drain out of the hoses. 

35. Turn off the heating/cooling unit, then stop drives 3 and 4. Turn off the 
pneumatic unit and the electrical unit. Turn off your calibrator if one was 
used. 

36. Store the equipment adequately, clean up your workspace, and leave the 
station ready for the next team. 

This experiment presented the control of a temperature process loop. You 
became acquainted with the widely used open-loop Ziegler-Nichols tuning 
method. 

1. What is the advantage of adding integral action to a proportional control 
scheme? 

 

 

 

2. Why is on-off control not efficient in the experiment presented above? 

 

 

 

3. Why does the trial-and-error method proceed with a factor of two change at 
every iteration? 

 

 

 

4. What happens if you increase the ܭ parameter in a PI control scheme? 

 

 

 

CONCLUSION 

REVIEW QUESTIONS 
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5. Which process characteristic determines both the integral time and the 
derivative time when using the open-loop Ziegler-Nichols tuning method? 
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Exercise 2-1 Tuning and Control of a Temperature Loop 

18. TE1A output (100% controller output): 55% (about 26°C (79°F)). 

19. Cold water temperature (100% controller output): Approximately 58% (about 
27°C (80.5°F)). 

21. TE1A output (0% controller output): Approximately 78% (about 33°C (91°F)). 

22. TE1B output - Cold water temperature (0% controller output) = 
Approximately 55% (about 27°C (80°F)). 

24. The Ziegler-Nichols method suggests the following relationships to obtain the 
parameters in PI mode: 

ܭ = ܶ  ߢ 0.9  = ௗ  κݐ 3.33 =  ฬ த୲ౚ౦ฬ 
Using the process characteristics obtained in the previous exercise (ܭ = −0.575, ߬ = 34 s, and ݐௗ =  we can calculate the parameters. Note that ,(ݏ 13
the results obtained are indicative only and are likely to differ. ܭ =  4.089  ܶ = 43.3 s 

27. In our case, the results were acceptable. The precision and care invested in 
the measurement of process characteristics have a large impact. A fine-
tuning remains almost always advantageous. 

ANSWERS TO 
PROCEDURE STEP 
QUESTIONS 
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33. The graph obtained as the process underwent a 70-60% step change (past 
the 400 s mark) is provided below. Your results may vary.  

 

Process data for the temperature process. 

1. A well tuned integral action eliminates the offset typical of P-only control. 

2. On-off control works well for slow-changing processes with large 
capacitance. In the experiment at hand, the temperature varies too quickly to 
be controlled by a two-state scheme. 

3. This method (geometrical progression) typically converges toward the 
solution faster than a fixed increment method (arithmetic progression). 

4. The response will have a larger amplitude of oscillation and will take more 
time to stabilize. 

 ௗ, the dead time of the processݐ .5
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