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Dr. Vladimir V. Vantsevich  awdrive@comcast.net
Section 8.10.   FESTO Hydraulically-Controlled Systems Lab
Exercise #11: Modified Controlled System with Disturbance Variables
Objectives	
1. To be able to carry out the commissioning of a pressure control loop.
2. To be able to set the parameters of a pressure control loop with interference.
Introduction
Each element in a close control loop can be affected by interference.  This changes the behavior of the closed control loop overall, which manifests itself in a change in control quality.  It is often not possible to attribute the cause of interference to one device in particular, in which case the closed control loop must be examined systematically.
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Figure 1: Disturbance variables in a closed control loop
Some examples of interference and their effects on the control behavior are described in table 1:
	Type of interference
	Effect on control behavior

	Noisy signals a as result of electrical fields
	Electrical signal lines without screening act as antennae for interference signals from adjacent electrical equipment.

	Hysteresis
	Hysteresis in closed control loop elements leads to asymmetrical transmission behavior.  For example, the hysteresis effect on a dynamic valve results in different flow characteristics for the two directions of opening.

	Offset
	Offsets shift the operating points of closed control loop elements.  This can lead to steady-state system deviations.

	Supply networks, electrical supply networks
	Under-sized hydraulic or voltage networks cause fluctuations in the transmission lines.  This impairs the follower behavior of the control loop.

	Leakage
	Leakage loss in hydraulic components can reduce the line pressure.

	Forces, moments
	Forces or moments acting upon the closed control loop cause changes in the runtime performance of closed control loop elements.

	Measuring errors
	Incorrectly installed or unsuitable measuring devices lead to falsified signals.  Signal delays may result, which impair the stability of the closed control loop.


Table 1: Types of interference
In this exercise, a pressure control loop will be constructed and interference will be introduced.  A PID controller will be used with the control loop.  The extent of the interference will be reduced to a minimum by adjusting the control gains of a PID controller using two methods: empirical determination and by calculation using the Ziegler-Nichols method.
Ziegler-Nichols Method
Along with empirical determination of the PID controller coefficients, The Ziegler-Nichols method will also be used to determine a set of control coefficients.  The method consists of the following steps:
1. Determine the limit of stability with the P controller:
· [image: ] (
Figure 
2
: 
Critical period of oscillation
)Increase coefficient Kp until steady-state oscillations occur (see fig. 2).  Record the following:
· Critical coefficient, KPcrit.
· Critical oscillation time.





2. Calculate the controller parameters with the following formulas for a PID controller:

	Kp
	Tn
	Tv
	KI
	KD

	0.6∙KPcrit
	0.5∙Tcrit
	0.12∙Tcrit
	KP/Tn
	KP∙Tv


Table 3: Calculating PID controller coefficients with the Ziegler-Nichols Method
Procedure
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. 
The most frequent interferences in hydraulics are pressure drop and leakage.  The interferences will be simulated by means of a pressure relief valve and a flow control valve.
Both are connected to the hydraulic power pack via a by-pass.  This permits the simulation of a pressure drop in the hydraulic power pack and a leakage in the pressure control loop.
The pressure drop at connection P of the valve is measured by means of a pressure gauge or a pressure sensor.
To record the transition function, a step function is specified as reference variable w and the step response of the controlled variable x is recorded on the oscilloscope.
In addition, a multimeter is required for commissioning.
1. Pressure control loop:
Construct the pressure control loop with a flow control and a pressure relief valve in the by-pass according to the circuit diagram (figures 3 and 4).

	Equipment (hydraulic)
	Equipment (electrical)

	· Power pack (2 I)
· Pressure filter
· Pressure relief valve
· Flow control valve
· 4/3-way regulating valve
· Pressure gauge
· Pressure sensor
· 600 mm hose (x6)
· 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




Refer to the hydraulic and electrical circuit diagrams (figs. 3 and 4) for setup.

Hydraulic Diagram
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Figure 3: Hydraulic Circuit Diagram
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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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Adjustable flow control valve
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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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Pressure gauge
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Adjustable pressure relief valve

	
	[image: ]
Hydraulic energy source




Hydraulic Equipment
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	Hose line with quick release coupling
	Branch tee
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	4/3-way valve
	Pressure sensor
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	Pressure gauge
	Pressure relief valve
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	Flow control valve
	PID controller


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
	[image: ]
Operational amplifier
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P,I, and D component gains
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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:
· Set the controller card to the initial settings prior to switching on:
· Limiter: ±10 V
· Offset: 0V
· All controller coefficients: 0
· Close the flow control valve and the pressure relief valve completely.  This switches off the interferences.
· Connect the electrical and hydraulic power.
· Set KP = 1 and check the control direction: if the controlled variable x does not increase with the reference variable w, check the interfaces between the devices for correct polarity.
· Check the hydraulic circuit by slightly opening the flow control valve and the pressure relief valve.  Check whether a pressure drop is created if the flow control valve or pressure relief valve is opened.  The effect on the transition function can be seen even with minor changes: the pattern changes and the target pressure can no longer be reached.
· Make sure that both valves are completely closed again.
3. PID Controller:
 (
Figure 
6
: 
Coefficients of the controller components are the product of the values set on the rotary potentiometer and rotary switch
)[image: ]The coefficients of the PID controller will first be optimized for an interference-free closed control loop.  The limit of stability will be established without interference for a step-change reference variable (w).  Reaching the limit of stability, stead-state oscillations of the controlled variable x occur.  This produces the critical coefficient, KPcrit, and the critical period of oscillation Tcrit.
· Set a step-change reference variable:
w = 3V ± 1V, 1 Hz, square wave form.
· Determine the limit of stability KPcrit and Tcrit by adjusting KP until steady-state oscillations occur (figs. 2 and 6).  Enter the values into the worksheet.

· Calculate the optimum coefficients of the PID controller using the Ziegler-Nichols method as described in the introduction.  Evaluate the control quality.  Record the values in the worksheet.
· Determine the optimum coefficients empirically.  Record the values in the worksheet.


4. Effect of interferences:
Next, inferences due to leakage and drop in supply pressure will be investigated in sequence.  Determination of the computational and empirical coefficients of the PID controller are repeated and set to compare the control quality.
· Investigate the effect of a leak by slightly opening the flow control valve.
· Determine the limit of stability with leakage, KPcritL and record it in the worksheet.
· Compare the control quality for the two control settings and record the values in the worksheet:
· Calculated using the Ziegler-Nichols method
· Empirically determined.
· Close the flow control valve completely again.
· Investigate the effect of a pressure drop by setting a supply pressure of 45 bar via the pressure relief valve.
· Establish the limit of stability with the pressure drop, KPcritD and record it.
· Compare the control quality for the two control settings and record the values in the worksheet:
· Calculated using the Ziegler-Nichols method
· Empirically determined.


Worksheet
1.) Limits of stability:
KPcrit =                                                                            
Tcrit =                                                                           
2.) Coefficients of the PID controller calculated using the Ziegler-Nichols method:
Kp = 0.6∙KPcrit =                                                                           
Tn = 0.5∙Tcrit =                                                                           
Tv = 0.12∙Tcrit =                                                                           
KI =  =                                                                           
KD = KP∙Tv =                                                                        
3.) Evaluate the control quality using the calculated coefficients:
	Controller coefficients (Ziegler-Nichols)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



4.) Determine the optimum coefficients empirically:
	Controller coefficients (empirical)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



5.) What settings of the PID controller do you consider to be better?
                                                                                
                                                                               
                                                                               
                                                                               
                                                                               
6.) Determine the limit of stability with leakage:
KPcritL =                                                                            
Tcrit =                                                                           
7.) Evaluate the control quality using the calculated coefficients:
	Controller coefficients (Ziegler-Nichols)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



8.) Determine the optimum coefficients empirically:
	Controller coefficients (empirical)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



9.) What settings of the PID controller do you consider to be better?
                                                                                
                                                                               
                                                                               
                                                                               
                                                                               



10.) Determine the limit of stability with a pressure drop:
KPcrit =                                                                            
Tcrit =                                                                           
11.) Evaluate the control quality using the calculated coefficients:
	Controller coefficients (Ziegler-Nichols)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



12.) Determine the optimum coefficients empirically:
	Controller coefficients (empirical)
	Controller quality without interference
	Stability

	KP
	KI (1/s)
	KD (ms)
	xm (V)
	estat (V)
	Ta (ms)
	

	
	

	
	
	
	
	



13.) What settings of the PID controller do you consider to be better?
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