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            An Overview on PID Control RTP Corp. • 1834 SW 2nd Street • Pompano Beach, FL 33069 Phone (954) 974-5500 • Fax (954) 975-9815 • Email [email protected] • Web www.rtpcorp.com 1 By Ali S. Erbay, Ph.D. INTRODUCTION PID (Proportional, Integral, Derivative) compensation is one of the most common forms of closed-loop control. Basic feedback control is the simplest configuration, and involves only a measurement, the PID calculation and an output. The classical PID control equation is defined as dt dE K dt E K E K CO D t I P + + = ∫ 0 . . (1) where, CO = Controller Output, K P = Proportional Constant, K I = Integral Constant, K D = Differential Constant, t = Time. and the error is defined as E = (Process Variable – Set Point) (direct action) or E = (Set Point – Process Variable) (reverse action) In a direct acting control loop an increase in the process measurement causes an increase in the controller output. Equation 1 is also referred to as the parallel algorithm or the independent gain algorithm. Another widely used form of the PID equation is the ideal algorithm, mostly known after the Instrumentation, Systems and Automation Society (ISA):         + + = ∫ dt dE T dt E T E K CO D t I C 0 . 1 (2) where, K C = Controller Gain, T I = Reset Time, K D = Rate Time, Although Equation 1 is usually implemented in the “seconds” time domain and Equation 2 is implemented in the “minutes” time domain, both of them are essentially the same equation with the following conversions: K P = K C K I = K C / (T I . 60) K D = K C . T D . 60 (3) Another type of the PID calculation is the series algorithm [1]:       +         + = ∫ dt dE T dt E T E K CO D t I C 1 . 1 0 (4) 
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 By Ali S. Erbay, Ph.D.
 INTRODUCTION PID (Proportional, Integral, Derivative) compensation is one of the most common forms of closed-loop control. Basic feedback control is the simplest configuration, and involves only a measurement, the PID calculation and an output. The classical PID control equation is defined as
 dtdEKdtEKEKCO D
 t
 IP ++= ∫0
 .. (1)
 where, CO = Controller Output, KP = Proportional Constant, KI = Integral Constant, KD = Differential Constant, t = Time.
 and the error is defined as E = (Process Variable – Set Point) (direct action)
 or E = (Set Point – Process Variable) (reverse action)
 In a direct acting control loop an increase in the process measurement causes an increase in the controller output.
 Equation 1 is also referred to as the parallel algorithm or the independent gain algorithm. Another widely used form of the PID equation is the ideal algorithm, mostly known after the Instrumentation, Systems and Automation Society (ISA):
 ++= ∫ dt
 dETdtET
 EKCO D
 t
 IC
 0
 .1 (2)
 where, KC = Controller Gain, TI = Reset Time, KD = Rate Time,
 Although Equation 1 is usually implemented in the “seconds” time domain and Equation 2 is implemented in the “minutes” time domain, both of them are essentially the same equation with the following conversions:
 KP = KC KI = KC / (TI . 60)
 KD = KC . TD . 60 (3) Another type of the PID calculation is the series algorithm [1]:
 +
 += ∫ dt
 dETdtET
 EKCO D
 t
 IC 1.1
 0
 (4)
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 2
 This is also referred to as the interacting algorithm and is being used rarely by some companies to keep tuning similar to electronic and pneumatic controllers. RTP Corp. currently does not support this form of the PID algorithm as it introduces additional complexity in the PID controller. The units of the inputs and outputs to the PID equation can be of any engineering unit, however normalizing these inputs between 0% - 100% is common practice. Figure 1 illustrates how the individual components of a PID controller act, when configured as proportional only, integral only and differential only. In practice, a feed-forward combination (proportional plus bias), PI or a PID configuration is commonly used. The proportional term produces the primary control output signal. The primary benefit from the integral term is the reduction of steady state error while the differential term helps improve the responsiveness and stability. Also notice that, the proportional term always produces the same output with the same given error, while the integral term always accumulates and the differential term produces an output only and only when there is a change.
 Figure 1: Individual effects of the PID controller in an open loop.
 EXTENSIONS OF THE PID ALGORITHM
 Use of Bias Term In case where only the proportional term is desired, we need to add an extra term of bias, called the feed forward term. The independent gain algorithm changes to
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 FFdtdEKdtEKEKCO D
 t
 IP +++= ∫0
 .. (5)
 where FF denotes the feed forward. If the bias is another measurement of the controlled variable, then the PID controller can be configured for feed-forward control. The bias term can also be used to offset the controller output into another scale.
 Sensitivity to Set Point Changes One common variation of the PID algorithm given in Equations 1 and 2 is to make it less sensitive to set point response. This is applied in cascade control where you want the inner loop or slave to be less sensitive to set point response and the outer loop or master to be sensitive to set point changes. One change is to use the process variable instead of the error for the derivative term, which puts the direct action independent gain algorithm into:
 FFdt
 dPVKdtEKEKCO D
 t
 IP +++= ∫0
 .. (6)
 where PV denotes process variable. For reverse acting loops the equation is
 FFdt
 dPVKdtEKEKCO D
 t
 IP +−+= ∫0
 .. (7)
 To reduce further the sensitivity to set point changes, the proportional term may also be changed from error to process variable as
 FFdt
 dPVKdtEKPVKCO D
 t
 IP +++= ∫0
 .. (direct action) (8)
 FFdt
 dPVKdtEKPVKCO D
 t
 IP +−+−= ∫0
 .. (reverse action) (9)
 Equations 1 – 3 are sometimes referred to as type A as they uses Error, Equations 6 – 7 as type B as they use process variable on derivative term and Equations 8 – 9 as type C controllers as they use process variable on both derivative and proportional term. RTP Corp. gives customers the flexible option to configure the PID controller in any of the aforementioned configurations.
 Filtering As it can be seen from Figure 1, the derivative term can significantly amplify noise on the controller, which is passed as measurement noise. This in turn, can have adverse effects on the equipment that is being manipulated, such as decreasing the equipment lifetime and increasing failure rates. Since minimizing controller output variations is desired, it is practical to use a filtered error or process variable term as:
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 FFdtdEKdtEKEKCO D
 t
 IP +++= ∫'..
 0
 (10)
 where E’ is the filtered error. For type C controller the equations would be
 FFdt
 dPVKdtEKPVKCO D
 t
 IP +++= ∫'..
 0
 (direct action) (11)
 FFdt
 dPVKdtEKPVKCO D
 t
 IP +−+−= ∫'..
 0
 (reverse action) (12)
 where PV’ is the filtered process value. RTP Corp. uses a simple filter as: where ∝ is a positive filter constant less than 1. Another type of filtering is the use of dead band for error calculation, which may affect all three terms of the PID algorithm. The dead band value allows you to define an error range (deviation above or below set point) in which the actual error value used for calculation will remain zero. Once the error exceeds the dead band range, the error is calculated as expected. When the error drops back into the dead band range (and zero crossing is used), the error will continue to be calculated until it crosses zero (changes sign). At that point, the error value for calculations will remain zero until the actual error exceeds either the positive or negative dead band range.
 Tracking Another modification to the classical PID algorithm is an enhancement in feed-forward control: Addition of “tracking” in the integral term. Then Equation 10 is modified to
 ( ) FFdtdEKdtTRCOEKEKCO D
 t
 IP ++−++= ∫'.
 0
 (13)
 where TR denotes the tracking variable. The PID control output will lag to the value set in the tracking plus the value contributed by the proportional and derivative terms, in a bumpless manner at a rate defined by the integral term. This is especially useful in applications, where the control output is being validated by a measurement, e.g. if a valve is being manipulated by the controller output, the valve position can be measured and inputted as a tracking parameter with proper scaling. In a steady state operation, any degradation in the valve mechanics, may need a larger controller output, therefore using tracking, this effect will be compensated, so that the controller output always reflect the correct control action applied to the loop. Figure 2 illustrates this effect.
 ∝ +
 1-∝
 Error or Process Variable
 Filtered Error or Process Variable
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 Figure 2: PID control with track mode in an open loop.
 RATE LIMITING Most given physical control systems cannot have an immediate response to the control output usually have a rate at which they respond to the given control action. For example if a valve is to be controlled from fully closed to fully open, it has a certain rate of opening, which is referred to as velocity limiting. Any PID controller that requests a control action more than the physical limitations of the equipment is subject to reset windup. Therefore the output of the PID controller should be rate limited under most normal operating conditions. The rate limiting of the PID controller can be further restricted, if the user switches into manual mode, that is if the user over-writes the controller output. In this case, the rate at which the controller output can change may be even more restrictive in order to prevent operator errors. Another rate limiting may be applied to the set point, but is less robust than applying the rate limitation to the controller output directly. RTP Corp. provides all three modes of rate limitations on the PID controller. Figure 3 illustrates on an open loop, how the rate limiting never exceeds specified limits, such that even if the PID algorithm produced an output larger than the specified rate limits, they were adjusted back to stay within the limits.
 WHEN TO TURN OFF THE INTEGRAL TERM CALCULATIONS Every PID controller that is used in the industry has output limits. Usually, for convenience, these limits are configured from 0% to 100%, but they are definitely related to the controlled device in the loop. When normal PID algorithms are computed, the controller output should be limited, however special care needs to be given to the integral term because of a problem called reset windup or integral windup. Since the controller integrates the error, the controller output will continue to change until it reaches the output limits. When this occurs, the integral term must be adjusted or turned off, in order to prevent further integration, otherwise the controller
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 won’t have enough muscle to reduce the error to zero. This phenomenon can be an especially severe problem on start up of batch processes.
 Figure 3: Output rate limiting of the PID controller and effect of clamping the integral term in an open loop.
 Other special circumstances exist in which the integral term may need to be turned off, or in other terms clamped. Failure of the controlled device is such an instance, where the integration term needs to be momentarily disabled. Figure 3 shows such an instance in which the integral term is being clamped with an external signal to its present value. Also notice that the PID controller output was clamped at the 100% limit and as soon as the input conditions required a decrease in the output, the controller responded immediately. For other extremely special cases where the integral term needs to be restarted, RTP Corp. provides a reset, which zeros the integral term. However the reset still needs to be performed within the output rate limitations as shown in Figure 4.
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 Figure 4: Effect of resetting the integral term on the controller output.
 Cascade Control When the output of a primary PID controller is used to manipulate the set point of a secondary controller, a cascade control is implemented. These have been called master and slave and sometimes are called outer loop and inner loop. The reasons for using cascade control are:
 1. It will catch certain load changes sooner and correct them quicker, so the effect on the primary variable is less and control is better.
 2. It will effectively linearize the secondary variable to a change in set point from the primary controller, and linearity is generally desired for optimum performance. Of course in cases where the system is non-linear for any given simple PID controller, the output has to be linearized with a function block.
 3. It can, under many and perhaps most circumstances, shorten the natural period of the primary loop. If the secondary loop has a lag in it that would also be in the primary variable loop without cascade, and if this lag would be of consequence in establishing the apparent dead time in the primary variable loop, then cascade control will be faster than a simple PID control.
 4. Some instrumentation tricks can be played, such as incorporating limits in the secondary set point.
 The natural period of the secondary loop should be significantly shorter than the natural period of the primary loop would be without cascade. A factor of ten is acceptable. Also, the secondary loop should be tuned first, which would cause a lag in the primary loop. Figure 5 shows a simple PID loop, whereas Figure 6 shows the feed forward configuration of the same loop. In Figure 7, the control is changed to be cascade.
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 Figure 5: Simple level control without using any flow measurement. Figure 6: Feed forward control in which the flow is passed as a bias to the PID algorithm. Figure 7: Cascade level control with two PID controllers.
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 TUNING OF PARAMETERS
 Criteria In order to tune a PID controller, the criteria that “the constants are defined at their best” must be understood. This is accomplished by defining a cost function, mainly derived on how the controller reacts to a given disturbance. Given that we want to optimize the controller so that the process variable stays around the set point as shown in Figure 8, several cost functions can be defined [2]:
 Figure 8: Error between set point and process variable as a result of PID control a
 • IAE: Integral of absolute value of error • ISE: Integral of error squared • ITAE: Integral of time multiplied by absolute value of error • ITSE: Integral of time multiplied by error squared
 Any PID tuning algorithm will have the purpose of minimizing one or more of these cfunctions.
 Ziegler Nichols Open Loop Reaction Rate Tuning Method It was originally proposed in 1942 by John G. Ziegler and Nathaniel B. Nichols, and repopular today because of its simplicity and its applicability to any process governed byIn order to begin tuning with this methodology, the process must be at steady-state conWith the controller in manual (operator overwrites the PID controller output), the outpchanged by a small amount and the process is monitored. From the process reaction cshown in Figure 9, the following measurements are made:
 X (%) = Change of output R (%/minutes) = Rate of change at the point of inflection (POI) D (minutes) = Time until the intercept of tangent line and original process valu
 Then the constants given in Equation 2 are calculated as shown in Table 1.
 t
 e
 Set Poin
 Process Variabl
 9
 ction.
 ost
 mains a model. dition. ut is urve
 e
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 10
 Figure 9: Process reaction curve during Ziegler Nichols open loop tuning.
 Table 1: Tuning of the PID controller given in Equation (2) from open loop tuning. Controller KC TI KD P X / D R PI 0.9 X / D R 0.3 / D PID 1.2 X / D R 0.5 / D 0.5 D
 Ziegler Nichols Open Loop Reaction Rate Tuning Method Using Point of Inflection After "bumping" the output, the point of inflection is observed and the following parameters:
 X (%) = Change of output R (%/minutes) = Rate of change at the point of inflection (POI) T∆ (minutes) = Time from output change to POI P (%) = Process value change at POI
 Thereafter calculating D = T∆ - P / R (14)
 Table 1 can be used to calculate the PID constants.
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 Ziegler Nichols Open Loop Process Gain Tuning Method This methodology is similar to the previous open loop tuning methods, but should be used only if the process can stabilize after “bumping” the controller output. When the process is in steady state, the controller output is changed by a small amount and the process reaction curve as shown in Figure 10 is observed.
 Figure 10: Process reaction curve during Ziegler Nichols open loop tuning for a stable system. Defining GP as the change in measured value (%) divided by the change in output (%), Table 2 is used to calculate the PID constants given in Equation 2.
 Table 2: Tuning of the PID controller given in Equation 2 from open loop tuning for a stable system.
 Controller KC TI KD P L / GP D PI 0.9 L / GP D 0.3 / D PID 1.2 L / GP D 0.5 / D 0.5 D
 Ziegler Nichols Closed Loop Tuning Method In this methodology, the controller is placed into automatic with low gain, no integral or derivative term. Thereafter the gain is increased gradually, making small changes in the set point, until oscillations start. Then the gain is adjusted to make the oscillations continue with constant amplitude. The gain (Ultimate Gain, GU) and Period (Ultimate Period, PU) as shown in
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 Figure 11 is noted. The Ultimate Gain, GU, is the gain at which the oscillations continue with constant amplitude. Then the PID constants used in Equation 2 are calculated using Table 3.
 Figure 11: Loop is in oscillation during PID controller tuning.
 Table 3: Tuning of the PID controller given in Equation 2 from closed loop tuning. Controller KC TI KD P 0.5 GU PI 0.45 GU 1.2 / PU PID 0.6 GU 2 / PU PU / 8
 Other Tuning Methods If a computational model is available of the system that is in control, then the parameters used by Ziegler Nichols equations can be estimated from this computational model. If such a model is not available, a computational model can be modeled from plant data, such as using artificial neural networks. Some of the adaptive tuners or auto-tuners used in other PID controllers continuously monitor the process variable and try to model the system parameters and hence derive the PID constants, but each of these algorithms have their limitations. Finding and keeping a good process model online for re-tuning a “self-tuning PID controller” is a major challenge, as it often requires insertion of a test signal, hence a bump in the process. If the self-tuning is rule based, changes in the process and changes in the load disturbances may not be easily distinguished which can cause the controller to overreact. These types of controllers are also hard to commission as they are typically designed to account for gradual process changes [3].
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 CONCLUSIONS While using a PID controller, there are several ways to make the most out of it [4]:
 1. Always keep the PID controllers tuned as often as possible. 2. Reduce the lags to reduce the natural period. The performance of a loop improves as the
 natural period decreases. 3. Increase sampling time for the PID controller. This is especially important when using a
 derivative term. For example if a loop has a natural period of 16 seconds, this would call for a derivative time of two seconds. If the derivative gain is 10, then the controller really needs to know variations 10 times as fast, or 0.2 seconds. In order to extract correct information from the system, the controller needs to sample the measurements ten times as fast or 0.02 seconds!
 4. Use feed forward or cascade control in order to improve the overall control response. 5. If possible, change the design of the process to make it faster and improve the inherent
 self-regulation of the process.
 REFERENCES 1. “Comparison of PID Control Algorithms,” ExperTune Inc.,
 http://www.expertune.com/artCE87.html, 1999. 2. John A. Shaw, ”PID Algorithms and Tuning Methods,” Process Control Solutions,
 http://www.jashaw.com/pid/tutorial/index.html, 2001. 3. George Shu-Xing Cheng, “MFA in Control with CyboCon,” General Cybernation Group
 Inc., 2000. 4. David W. St. Clair, “Controller Tuning and Control Loop Performance,” Straight-Line
 Control Company Inc., Second Edition, August 1995.
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