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Section 2.5.  FESTO Hydraulically-Controlled Systems Lab
Exercise #9: Empirical Setting of Parameters of PID Controllers
Objective	
1. To be able to construct and commission a pressure control loop.
2. To be able to set the parameters of a PID controller using an empirical method	
Introduction
Appropriate combination of controller and controlled system:
When constructing a closed-control loop, the controller and controlled system must be harmonized: 
· A pressure control loop is a system with compensation and delay. This is therefore a system with first or higher order compensation and delay. 
· P (proportional), PI (proportional-integral) or PID (proportional-integral-derivative) controllers are recommended for such distances
Empirical parameterization of a PID controller:
A controller is harmonized with the controlled system by setting the coefficients (parameters). Two methods are basically for this:
· Empirical (by trial).
· By calculation (using mathematical methods).
With empirical parameterization, it is essential to proceed systematically; the following method should therefore be adopted:
· Change the coefficients consecutively.
· Test the effect on the control quality.
The aim of parameterization is to set the controller so as to achieve:
· The best possible control quality.
· To ensure a stable closed control loop.
In this exercise, pressure will be set by means of a pressure control loop and controlled using a PID controller.  The PID controller will be set at an optimum level using empirical methods. 

Controlled variable x:
The controlled variable x is the output variable of the closed –loop control circuit.  The controlled variable is also known as the actual value.  In this exercise, pressure is the controlled variable.
Reference variable w:
The reference variable w represents the value which the controlled variable is to assume.  With an ideal closed-loop control system, the reference variable and controlled variable will have the same value.  The reference variable is also known as the set point value.
Stability and instability:
· With a correctly-selected controller and correct controller parameters, the controlled variable will follow the reference variable with only a slight delay and a slight deviation.  
· If the controller is set incorrectly, the controlled variable may oscillate.  
· If the controller settings are seriously incorrect, steady state oscillations may result.  
If no or decaying oscillations occur, the controlled settings can be regarded as stable.  If the controlled variable exhibits steady-state oscillations, the controlled settings are described as unstable.
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Figure 1: Step responses of stable and unstable closed-loop control circuits
Steady-state behavior:
The steady-state behavior of a closed-loop control circuit is its behavior in a state in which the controlled variable does not change.  The steady state system deviation is calculated as follows: estat = w-x where w and x are constant.


Dynamic behavior:
The dynamic behavior of a closed-loop control circuit describes a state in which both the controlled variable and the correcting variable change:
· The overshoot amplitude (Xm) is the greatest temporary deviation of the controlled variable after a step-change in the reference variable, measured relative to the new steady state.
· The settling time (Ta) is the time required by the controlled variable x to enter into a new steady-state after leaving its steady-state.
Control quality:
The quality provided by a closed-loop control system is known as the control quality.  Important criteria for high control quality are:
· Small steady-state system deviation (estat).
· Minimal overshoot amplitude (Xm).
· Short setting time (Ta).
· Stability.
[image: ]
Figure 2: Characteristics of control quality

Procedure
1. Control loop
The pressure control loop will be constructed of the following:
· A PID controller as a control device.
· A dynamic 4/3-way valve for the final control element.
· A reservoir for the controlled system (a long section of tubing will be used as the reservoir).
· A pressure sensor for feedback.
Construct the pressure control loop according to the hydraulic and electrical circuit diagrams (figs. 3 and 4).

	Equipment (hydraulic)
	Equipment (electrical)

	· Power pack (2 I)
· Pressure filter
· 4/3-way regulating valve
· Pressure sensor
· 1000 mm hose (x2)
· 3000 mm hose
	· PID Controller
· Digital multimeter
· Oscilloscope
· Function generator
· Cable, BNC/4 mm (x2)
· Cable, BNC/BNC
· T-piece, BNC
· Cable set, universal
· Power supply unit





Hydraulic Diagram
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Figure 3: Hydraulic Circuit Diagram

	[image: ]
Working line for energy transmission
	[image: ] Fixed line connection
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Hydraulic/electrical sensor
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Reservoir (connection at both sides)
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4/3-way dynamic valve (mid position closed)
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Electrical actuation
(infinitely adjustable)
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Manual actuation
(by means of spring)
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Hydraulic energy source





Hydraulic Equipment
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	Hose line with quick release coupling
	PID controller
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	4/3-way valve
	Pressure sensor





Electrical Diagram
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Figure 4: Electrical Circuit Diagram
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Working line for energy transmission
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Fixed line connection
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Collecting or summation point
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Electrical pressure sensor
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Voltage generator: square-wave voltage
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Operational amplifier

	[image: ]
PID Controller
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D.C. Voltage generator
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Adjuster
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Amplifier
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Limiter
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Oscilloscope
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Electrical actuation
(infinitely adjustable)
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Shut-off valve
	





PID Controller
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Figure 5: PID controller
	1. Power supply +24 V
2. Power supply ground 0 V
3. Sensor power supply +15 V
4. Sensor ground or analog ground
5. Differential setpoint input
6. Differential actual-value input
7. Comparator
8. Overmodulation indicator
9. Test socket Setpoint
10. Test socket Actual value
11. Test socket System deviation
12. Test socket Proportional gain
13. Test socket Integral gain
14. Test socket Differential gain
	15. Rotary potentiometer P component
16. Rotary switch P component
17. Power-on indicator P component
18. Rotary potentiometer I component
19. Rotary switch I component
20. Power-on indicator I component
21. Rotary potentiometer D component
22. Rotary switch D component
23. Power-on indicator D component
24. Summation point
25. Rotary potentiometer for correcting variable offset
26. Range selector switch
27. Correcting variable output



2. Commissioning
· The controller card must be in the initial position prior to switching on: 
· Limiter: ±10V 
· Offset: zero V  
· All controller coefficients: 0.
· To check the control direction, set the KP=1 (see fig. 5).  The control direction is correct if the controlled variable x also increases with an increasing reference variable w. 
·  (
Figure 
5
: Coefficients of the controller components are the product of the values set on the rotary potentiometer and rotary switch
)[image: ]The limit of stability is determined via a step-change reference variable w in the mid correcting range.  The critical coefficient KPcrit is reached when steady-state oscillations of the controlled variable x occur (fig. 6).
3. Empirical parameterization
· The aim of setting the controller is to obtain optimum control quality.  The characteristics for control quality are: 
· Overshoot amplitude xm.
· Steady-state system deviation estat. 
· Settling time ta
· The following procedure is recommended (fig.7): 
· Set coefficient KP < Kpcrit 
· Increase coefficient Kl
· Increase coefficient KD 
· [image: ] (
Figure 
6
: 
Critical period of oscillation
)[image: ]The optimum setting has been obtained when the values of all characteristic of the control quality are as small as possible, and the closed control loop is stable.
 (
Figure 
7
: Empirical parameterization of a PID controller
)
Worksheet
1. Pressure control loop:
· Construct the pressure control loop according to the hydraulic and electrical circuit diagrams. The initial position of the controller is limiter to ±10V, offset to zero V, and all controller coefficients =0.
· To test the control direction, set the coefficient KP=1.  Then check whether the controlled variable x increases with the reference variable w.  If not, check the interfaces for correct polarity.
2. Limit of stability:
· Set a step-change reference variable w=3V±2V, 5Hz, square wave form.  
· Increase the value of coefficient Kp until steady-state oscillations occur and record the value as Kpcrit=      
3. Empirical parameterization:
· Set the PID controller in such a way as to obtain optimum control quality proceeding step by step.  To evaluate the characteristics of the control quality correctly, adjust the frequency of the reference variable w to the settling time Ta by changing to 1Hz or 0.5Hz.

	
Controller coefficient
	Control quality
	Stability
	Comment

	Kp
	Kl
	KD
	Xm
	Estat
	ta
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


What are the optimum coefficients of the PID controller and the control quality obtained?  Enter these values below:
	Optimum Controller coefficient
	Best Possible Control quality
	Stability

	Kp
	Kl
	KD
	Xm
	Estat
	ta
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