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1. Basic ideas
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Commercial PID controllers



For all PID controller architectures, there are broad ‘ball-park’ settings for common control loops.
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Reference: Seborg, D.E. et al. (2004). Process dynamics and control, Wiley – Chapter 8.
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Ultimate cycle tuning



Ultimate cycle tuning - discussion



1. Place the controller in proportional mode only (i.e. set Ti to a maximum and Td to a minimum). 2. Increase K c until the closed loop system output goes “marginally stable”; record K c (calling it K u , the ultimate gain), and the ultimate period, Tu . PI controller settings: K c = 0.45K u



Ti = 0.83Tu



Ideal PID controller settings: K c = 0.6K u



Ti = 0.5Tu



Td = 0.125Tu



Early tuning rule



John Ziegler (1909-1998)



Reference: Ziegler, J. and Nichols, N. (1942). Optimum settings for automatic controllers, Transactions of the5 ASME, 64, 759-768.



The ultimate cycle method, or a modified version of it, is frequently recommended by control system vendors. Even so, the ultimate cycle method has several disadvantages: 1. The method can be time consuming if several trials are required and the process dynamics are slow. The long experimental tests may result is reduced production or poor product quality. • In many applications, continuous cycling is objectionable because the process is pushed to the stability limits. • This tuning procedure is not applicable to integrating or open-loop unstable processes because their control loops typically are unstable at both high and low values of Kc, while being stable for intermediate values. • For first-order and second-order models without time delays, the ultimate gain does not exist because the closed-loop system is stable for all values of Kc, providing that its sign is correct. However, in practice, it is unusual for a control loop not to have an ultimate gain. Reference: Seborg, D.E. et al. (2004). Process dynamics and control, Wiley – Chapter 12.
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Modified ultimate cycle method – relay auto-tuning • Åström and Hägglund (1984) have developed an attractive alternative to the ultimate cycle method. • In the relay auto-tuning method, a simple experimental test is used to determine Ku and Tu. • For this test, the feedback controller is temporarily replaced by an on-off controller (or relay). • After the control loop is closed, the controlled variable exhibits a sustained oscillation that is characteristic of on-off control. • The operation of the relay auto-tuner includes a dead band; the dead band is used to avoid frequent switching caused by measurement noise.



Reference: Åström, K. and Hägglund, T. (1984). “Automatic tuning of simple regulators with specification on the gain and phase margins”, Automatica, 20, 645. 7



The relay auto-tuning method has several important advantages over the ultimate cycle method: 1. Only a single experiment test is required instead of a trial-and-error procedure. 2. The amplitude of the process output a can be restricted by adjusting relay amplitude d. 3. The process is not forced to a stability limit. 4. The experimental test is easily automated using commercial products. 8



Process reaction curve tuning



Advantage Only a single experimental test is necessary. Disadvantages • The experimental test is performed under open-loop conditions. Thus, if a significant disturbance occurs during the test, no corrective action is taken. Consequently, the process can be upset, and the test results may be misleading. • For a nonlinear process, the test results can be sensitive to the magnitude and direction of the step change. If the magnitude of the step change is too large, process nonlinearities can influence the result. But if the step magnitude is too small, the step response may be difficult to distinguish from the usual fluctuations due to noise and disturbances. The direction of the step change (positive or negative) should be chosen so that the controlled variable will not violate a constraint. • The method is not applicable to open-loop unstable processes.



Open loop method (for the nervous) …. Side benefit: Knowledge of process transfer function. G m (s) =



K m e − sτ 1 + sTm



m



PI controller settings:



Kc =



0.9Tm 111K m τ m ) ( % Ti = 3.33τ m K m τ m PBc = T m



Ideal PID controller settings:  1.2Tm 2Tm  , Kc ∈    K m τm K m τm 



  50K m τ m 83K m τ m    PB c ∈  % , Tm    Tm 



Ti = 2τ m



Process reaction curve tuning - discussion



Td = 0.5τ m



Reference: Ziegler, J. and Nichols, N. (1943). Process lags in automatic control circuits, Transactions of the ASME, July, 433-444. 9



Tuning of PID controllers 1935-2005
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Laboratory



1,134 tuning rules for 7 PI controller structures and 46 PID controller structures for processes with time delay modelled in 22 different ways!



Reference: Tuning rule bonanza, controlglobal.com.
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2. The tuning challenge Possibility 1: Trial and error



Reference: Marlin, T.E. (2000), Process Control, Chapter 9.
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Technical and design details are given by Marlin, T.E. (2000), Process Control, Chapter 9. 29
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3. One tuning correlation



• Such correlations can be expressed in terms of tuning charts (graphs) or tuning rules (formulae). • The control goals chosen naturally affect the resulting tuning rules and charts (this is why so many such rules and charts exist). • The example specification chosen is (as previously): allowing for 31
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Tuning charts – (ideal) PID controller



Tuning charts – PI controller
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Example
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4. Fine tuning



Changing controller gain
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Changing controller integral time
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5. Further discussion
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6. Tutorial question The goal is to control the concentration of B in the reactor effluent by adjusting the pure A control valve.



Determine the tuning for a proposed PID controller (for optimum disturbance response) based on the process reaction curve data on the next slide, using the tuning chart approach. 51
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Solution
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7. Controller tuning relations - general Although the design and tuning relations of the previous sections are based on different performance criteria, several general conclusions can be drawn: 1. The controller gain Kc should be inversely proportional to the product of the other gains in the feedback loop (i.e., Kc = f(1/K), K = KvKpKm). 2. Kc should decrease as θ / τ , the ratio of the time delay to the dominant time constant, increases. In general, the quality of control decreases as θ / τ increases owing to longer settling times and larger maximum deviations from the set point. 3. Both Ti and Td should increase as θ / τ increases. For many controller tuning relations, the ratio, Ti Td , is between 0.1 and 0.3. As a rule of thumb, use Ti Td = 0.25 as a first guess. 4. When integral control action is added to a proportional-only controller, Kc should be reduced. The further addition of derivative action allows Kc to be increased to a value greater than that for proportional-only control. 55
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8. Controllers with two degrees of freedom • The specification of controller settings for a standard PID controller typically requires a tradeoff between set-point tracking and disturbance rejection. • Two strategies can be used to adjust the set-point tracking and disturbance responses independently. • These strategies are referred to as controllers with two-degrees-offreedom. • The first strategy is very simple. Set-point changes are introduced gradually rather than as abrupt step changes. • For example, the set point can be ramped as shown or “filtered” by passing it through a first-order transfer function. 56



9. On-line controller tuning



• A second strategy for independently adjusting the set-point response is based on a simple modification of the PID control law  1∞ dy  m( t ) = K c e( t ) + ∫ e( t * )dt * − Td m  Ti 0 dt  



1. Controller tuning inevitably involves a tradeoff between performance and robustness.



where ym is the measured value of y and e is the error signal: e = y sp − y m • The control law modification consists of multiplying the set point in the proportional term by a set-point weighting factor, β :  1∞ dy  m( t ) = K c (βy sp − y m ) + ∫ e( t * )dt * − Td m  Ti 0 dt  



2. Controller settings do not have to be precisely determined. In general, a small change in a controller setting from its best value (for example, ±10%) has little effect on closed-loop responses. 3. For most plants, it is not feasible to manually tune each controller. Tuning is usually done by a control specialist (engineer or technician) or by a plant operator. Because each person is typically responsible for 300 to 1000 control loops, it is not feasible to tune every controller.



The set-point weighting factor is bounded, 0 < ß < 1, and serves as a convenient tuning factor.
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4. Diagnostic techniques for monitoring control system 58 performance are available.



10. Lifelong learning



11. Tutorial questions



Books: 1. Seborg, D.E. et al. (2004). Process dynamics and control, 2nd edition, Chapter 12. 2. Marlin, T.E. (2000). Process Control, Chapter 9.



Trade magazines (e.g. Intech, Control Engineering) often have webaccessible tutorial articles on aspects of PID controller tuning. Two examples of these articles are: 1. Wade, H. (2005). “Trial and error: an organised procedure”, Intech, May, pp. 39-42, http://www.isa.org/InTechTemplate.cfm?Section=Article_Index1&template=/ContentManagement/ContentDispl ay.cfm&ContentID=44007



2. VanDoren, V. (2006). “Auto-tuning control using Ziegler-Nichols”, Control Engineering, October, http://www.controleng.com/article/CA6378136.html



Finally, there are many web based tutorials, discussions and virtual laboratories on the basics of PID controller tuning. Good websites: PID algorithms and tuning methods http://www.jashaw.com/pid/tutorial/. Controlguru http://www.controlguru.com/pages/table.html On-line process control tutorials http://www.expertune.com/learncast.html ECOSSE Virtual Control Laboratory http://eweb.chemeng.ed.ac.uk/courses/control/course/map/index.html Cheric Virtual Control Laboratory http://www.cheric.org/education/control (Lab 7: 59 PID controller tuning using various methods).



Deviation of the controlled variable (CV) from its set point (SP) is an important performance measure because... • • • •



The plant could be unsafe for large deviations The product quality could be poor for large deviations Equipment could be damaged during large deviations We should never change operating conditions from those specified in the original plant design



60



• The plant could be unsafe for large deviations



Question



Answer



Yes, most processes have hard constraints which limit the process variables. If the values of these constraints are exceeded, the plant operation will become unsafe. It is therefore important to monitor the deviation of the controlled variables to ensure that they do not violate the hard constraints.



• The product quality could be poor for large deviations Yes, poor product quality results in dissatisfied customers and a loss of profitability. We want to maintain the controlled variables related to product quality near their set points.



Adjustments to the manipulated variable (MV) made by a feedback controller (usually through a valve) ...



• Equipment could be damaged during large deviations Yes, when the hard constraints of a process are exceeded, the equipment can be damaged. This deviation is therefore a very important performance measure.



• We should never change operating conditions from those specified in the original plant design No, no plant design can account for all of the possible disturbances which a process can experience. When this occurs, the operating conditions may have to be changed from the specified conditions to correct the effects of the disturbance. Also, new product qualities and production rates are required, and we must change plant operating variables to achieve these important new goals. 61



• Should be very small



Answer



No, these adjustments do not have to be small. We have to adjust the valve (final element) to compensate for disturbances, which might have large magnitudes.



• Should be moderate to avoid process upsets Yes, it would be unwise to make large, rapid adjustments to the manipulated variable because these adjustments will likely upset integrated units, such as units downstream. Very large manipulations could also upset the unit being controlled by exceeding the operating window of the equipment.



• Should be moderate to avoid equipment damage Yes, large, rapid adjustments to the manipulated variable could damage the process equipment (see lecture notes).



• Should be rapid enough to return the controlled variable to its setpoint in a timely manner. Yes, although you do not want to adjust the manipulated variable too rapidly, it is important to return the controlled variable to its set point as quickly as possible. The challenge becomes selecting an adjustment which is not too moderate or too severe. 63



• • • •



Should be very small Should be moderate to avoid process upsets Should be moderate to avoid equipment damage Should be rapid enough to return the controlled variable to its setpoint in a timely manner. 62



Question In the context of controller tuning, robustness means … • Physical strength • the ability to achieve reasonable control performance when the process dynamics change. • the ability to keep the control valve from saturating (fully opened or closed). • returning to the set point.
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• Physical strength



Question



Answer



No, physical prowess is the characteristic of the lecturer !



• the ability to achieve reasonable control performance when the process dynamics change.



Errors in models for tuning occur …



Yes, a control system that is robust remains stable and provides reasonably fast response over a range of feedback dynamics. This is not to say that the control system is not affected by changes in the process dynamics, but rather that such systems are affected less.



• the ability to keep the control valve from saturating (fully opened or closed).



• • • •



No, even robust systems can have situations where control valves become saturated



• returning to the set point



due to the linearised approximation used due to noise in the data used in empirical modelling methods due to changes in plant operation e.g. production rate due to round off errors in calculations



No, this answer is not sufficient, because the controlled variable might deviate too far and for too long to give acceptable performance.
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• Due to the linearised approximation used
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Question



Answer



Yes, there will always be some error due to the linear approximations which we often use in our dynamic models. Most processes are non-linear, and therefore cannot be exactly represented by a linear model. It is important to note that our tuning procedures should account for these errors.



• Due to noise in the data used in empirical modelling methods Yes, whenever we utilize an empirical method, errors will be caused by noise in the data. This includes tuning.



How accurately do we need to read the data from the tuning correlation graph ?



• Due to changes in plant operation e.g. production rate Yes, disturbances will affect the models which we use for tuning and create errors. This is a result of the nonlinearity of the process.



• Due to round-off errors in calculations • • • •



No, round off errors in the calculations do not affect the accuracy of our models if the computations are performed properly.
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Within ± 10% of the exact value Within ± 1% of the exact value Within ± 0.1% of the exact value Within ± 100% of the exact value
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• Within ± 10% of the exact value Yes. Remember that the values used are not known with high accuracy; the process gain, dead time and time constant are typically evaluated from empirical identifications which lead to errors of at least 10% and usually more. The effects of model errors are summarized in the figure and can be modified for any specific valve of the uncertainty. We must also recall that exactly "optimum" values are not needed for acceptable control. The performance is not too sensitive to tuning, as long as we are close to the best values.



Question



Answer



Diagnose the control performance in the following figure and recommend any needed changes to the PI controller tuning.



Controlled variable



Manipulated variable



• Within ± 1% of the exact value - No • Within ± 0.1% of the exact value - No • Within ± 100% of the exact value No. Clearly, we need better accuracy than +/- 100% for the controller. With this accuracy, the controller gain could always be zero within our calculation accuracy! 69



• • • • •



The controller is well tuned, no tuning change required Increase the controller gain, Kc Decrease the controller gain, Kc Increase the controller integral time, Ti Decrease the controller integral time, Ti.
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Question



Answer • The controller is well tuned, no tuning change required No, this performance is not very good! The controlled and manipulated variables appear unstable.



• Increase the controller gain, Kc No, the dynamic behaviour is not acceptable, because it is unstable; we must adjust the tuning to make the controller less aggressive.



Diagnose the control performance in the following figure and recommend any needed changes to the PI controller tuning.



Controlled variable



• Decrease the controller gain, Kc Yes, the dynamic behaviour is not acceptable, because it is unstable; we must adjust the tuning to make the controller less aggressive. It is difficult to decide which tuning constant to change, because the response is so poor. We must either decrease the gain, increase the integral time, or perhaps, both.



• Increase the controller integral time, Ti Yes, as above.



• Decrease the controller integral time, Ti No, as above.
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Manipulated variable



• • • • •



The controller is well tuned, no tuning change required Increase the controller gain, Kc Decrease the controller gain, Kc Increase the controller integral time, Ti Decrease the controller integral time, Ti.
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Question



Answer • The controller is well tuned, no tuning change required No, this performance is not too bad, but we should be able to do better.



Diagnose the control performance in the following figure and recommend any needed changes to the PI controller tuning.



• Increase the controller gain, Kc Yes, the initial response is somewhat slow, so we want to make the controller more aggressive. The initial step in the manipulated variable is less than 50% of the final change in the manipulated variable; this low % indicates that the controller gain is too small. Therefore, you correctly decided to increase the controller gain.



• Decrease the controller gain, Kc



Controlled variable



Manipulated variable



No, as above.



• Increase the controller integral time, Ti No, this will slow the response further.



• Decrease the controller integral time, Ti No, this performance is not too bad, but we should be able to do better. The controller feedback appears to be slow. You have selected a change that will result in faster feedback, which is good! However, the selection of tuning change is not the best. Hint: Be sure to73 analyze the initial transient to determine whether we should adjust Kc or Ti.



• • • • •



The controller is well tuned, no tuning change required Increase the controller gain, Kc Decrease the controller gain, Kc Increase the controller integral time, Ti Decrease the controller integral time, Ti.
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Question



Answer • The controller is well tuned, no tuning change required Yes, the controlled variable performance is reasonably good. The initial step in the manipulated variable is about the final steady-state change in the manipulated variable; this indicates that the controller gain is in the correct range. Therefore, you correctly decided not to change the controller tuning.



Diagnose the control performance in the following figure and recommend any needed changes to the PI controller tuning.



• Increase the controller gain, Kc No, the control performance is O.K. without further changes to the tuning. Note that the initial change in the manipulated variable is nearly equal to the change at the final steady state; thus, a change to Kc is not likely warranted.



• Decrease the controller gain, Kc



Controlled variable



Manipulated variable



No, as above.



• Increase the controller integral time, Ti No, the control performance is O.K. without further changes to the tuning. Note that the initial change in the manipulated variable is nearly equal to the change at the final steady state; thus, a change to Kc is not likely warranted. Also, the MV overshoot is about 50% (which is O.K.) and the controlled variable reaches the set point quickly. Thus, no change to the integral time is warranted.



• Decrease the controller integral time, Ti No, as above.
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• • • • •



The controller is well tuned, no tuning change required Increase the controller gain, Kc Decrease the controller gain, Kc Increase the controller integral time, Ti Decrease the controller integral time, Ti.
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Answer • The controller is well tuned, no tuning change required



Question and Answer Which of these statements are true, and why ?



No, the control performance is not acceptable, because the controller is too aggressive and the system is too oscillatory.



• When the controlled variable behaviour is good, we have attained good control performance.



• Increase the controller gain, Kc No, the control performance is not acceptable, because the controller is too aggressive and the system is too oscillatory. Note that the initial change in the manipulated variable is nearly equal to the final change at steady state; thus, Kc is O.K.



No, good controlled variable performance is required but does not alone ensure good control performance. For this statement to be true, all of the control goals have to be satisfied including the performance of the manipulated variable.



• Decrease the controller gain, Kc



• When tuning, we first evaluate the process reaction curve with the controller in operation.



No, as above.



• Increase the controller integral time, Ti



No, when tuning, we first evaluate the process reaction curve without the controller. This allows us to gain insight into the dynamics of the process.



Yes, the controlled variable performance is too oscillatory. The initial step in the manipulated variable is about the final steady-state change in the manipulated variable; this indicates that the controller gain is in the correct range. Therefore, you correctly decided to increase the integral time to make the controller less aggressive.



• We use a set point change when fine tuning because it can be implemented whenever we want.



• Decrease the controller integral time, Ti No, as above. 77



Yes, this is true, set point changes can be implemented easily. However, an even more important reason for using a step set point change is that we can diagnose the proportional and integral actions separately. 78
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